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ABSTRACT 


This  manual  contains  a procedure  for  the  design  of 
stacks  on  U.S.  Naval  ships  based  upon  the  experience 
already  gained  by  the  Navy  as  well  as  commercial  ship 
stack  design  practices.  The  techniques  described  in  de- 
tail include  design  guidance  for  the  height  and  shape  of 
exhaust  gas  stacks,  prediction  of  plume  trajectories,  es- 
timation of  downwind  plume  gas  temperatures,  and  model 
testing  techniques.  The  manual  is  divided  into  two  parts. 
The  first  part  contains  a step-by-step  procedure,  with 
examples,  for  auxiliary  vessels  with  conventional  stacks 
and  combatant  vessels  with  low  profile  stacks.  Design 
tools  are  included  in  the  form  of  tables,  graphs,  com- 
puter programs,  etc.  The  second  part  of  the  manual  con- 
tains the  basic  rationale,  historical  and  experimental 
foundation  for  the  design  practices  as  well  as  a sec- 
tion describing  model  testing  techniques.  In  addition, 
problems  unique  to  Naval  ships,  such  as  air  operations 
and  temperature  limitations  of  topside  electronics  gear, 
are  discussed. k 
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NOMENCLATURE 

V (VERTICAL) 


As  Exhaust  pipe  area  (total  for  one  or  several  pipes) . 

Ds  Equivalent  exhaust  pipe  diameter  « MAg/n)5* 

Rs  Equivalent  exhaust  pipe  radius  ■ DB/2 

VA  Ship  speed 

Vg  Velocity  of  stack  gas  exhaust  averaged  over  the 

exhaust  area 

V?  True  wind  speed 

Vw  Average  horizontal  laminar  wind  velocity  (relative) 

Vg/V w Velocity  ratio 

Tb  Average  stack  gas  exhaust  temperature 

T,,,  Ambient  wind  temperature 

Tgj  Plume  centerline  temperature  (along  the  plume) 

Tm  " T- 

♦ Temperature  ratio  ■ m =- 

*•  “ 

© Yaw  angle  of  relative  wind 

g Gravitational  constant 
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NOMENCLATURE  (Continued) 

Plume  length  measured  along  plume 
Kinematic  viscosity  of  wind 
Density  of  wind 

Density  of  stack  gas  at  stack  exit 

Maximum  plume  radius  at  a point,  S,  along  the  plume 

Plume  temperature,  T,  at  radius,  r,  at  a point,  S, 
along  the  plume 

Ship  Reynold's  number  * vwLs/v«» 

Characteristic  length  of  ship  model 

Stack  exit  Froude  number  = V_/(gR  (T  - T )/T  )** 

Horizontal  distance  downwind  from  stack  exit  center- 
line 

Vertical  distance  above  stack  exit 
Stack  Reynold's  number  - D*vw/V. 

Local  flow  Reynold's  number  ■ *Vg/veo 
Temperature  in  degrees  Fahrenheit 
Temperature  in  degrees  Rankine  (°F  + 459.67°) 

Width  of  stack  casing  at  base 

Uptake  duct  extension/b 

Height  of  stack  exit  above  datum/b 

Xnterpenetration/b 

Turbulent  sone  height  above  datum/b 

Interpenetration  fraction 
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NOMENCLATURE  (Concluded) 

Lj,  Buoyancy  length  scale 

Ini  Momentum  length  scale  ■ R_  V-/VM 

S S'  w 

M Mass  flow  ratio  = m^/ms 

“W.  Mass  flow  of  mixing  air 

• 

®s  Mass  flow  of  stack  gas 

♦ Plume  temperature  ratio 
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1.0  DESIGN  GUIDANCE 


1.1  Design  Procedure 

This  section  of  the  Stack  Design  Manual  contains  a spe- 
cific stack  design  procedure  that  is  geared  to  coordinate 
with  the  complete  ship  design.  The  design  process  has  been 
divided  into  three  steps  which  are: 

1.  Conceptual  Design 

2.  Preliminary  Design 

3.  Contract  Design 

The  contents  of  this  procedure  and  its  relationship 
to  the  complete  design  process  is  illustrated  in  Figure  1-1. 
This  manual  also  includes  two  worked  examples.  The  ships 
are  the  AO  177  and  the  Patrol  Frigate  (FFG  7).  The  former 
is  typical  of  an  auxiliary  vessel  and  the  latter  is  an  ex- 
ample of  a small  combatant  ship.  The  type  of  naval  ship 
being  considered  will  have  a large  effect  on  the  design  pro- 
cedure to  be  followed. 

1.1.1  Conceptual  Design 

The  conceptual  stage  of  stack  design  is  a first  cut 
study  that  cam  be  executed  quickly  and  which  will  roughly 
indicate  any  major  problems  with  the  design.  Two  elements 
are  involved,  the  turbulent  zone  of  air  flow  over  the  ship 
and  the  design  of  the  stack.  The  object  is  to  design  the 
stack  so  that  the  exhaust  gas  plume  is  projected  far  enough 
above  the  turbulent  zone  boundary  that  little  mixing  takes 
place,  see  Figure  1-2. 

1.1. 1.1  Superstructure  Design  and  Turbulent  Zone  Height  - The 
height  of  the  turbulent  zone  is  a function  of  the  superstruc- 
ture  geometry.  The  firBt  data  reviewed  should  be  the  topside 
arrangements,  deck  plans,  and  outboard  profile.  Examination 
of  the  arrangement  drawing  can  reveal  potential  ways  of 
lowering  the  turbulent  zone  height.  Ower  and  Third  [4]1  have 
systematically  organized  formulae  and  diagrams  to  predict 
turbulent  zone  height  for  various  superstructure  shapes  of 
interest.  Appendix  A contains  extracts  from  the  paper  by  Ower 
and  Third.  The  height  (h)  of  the  boundary  above  the  highest 
deck  can  be  considerably  reduced  by  suitable  rounding  of  the 
edges  of  the  superstructure,  particularly  in  elevation.  Struc 
tures  with  less  length  than  breadth  generate  higher  turbulence 
boundaries  them  longer  structures,  and  the  benefits  derived 
from  rounding  edges  are  lost. 


^Brackets  [ ] denote  references. 
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FIGURE  1-1:  STACK  DESIGN  PROCESS 
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FIGURE  1-2  PLUME-TURBULENCE  RELATIONSHIPS 


1.1. 1.2  Stack  Gas  Design  Data  - In  the  design  of  a stack 
certain  input  data  are  required.  One  item  is  the  ship 
operating  profile,  which  is  usually  presented  in  the  form 
of  a nomogram  with  velocity  range  vs.  percent  time  the  ship 
will  be  operating  within  that  range,  also  called  the  speed/ 
time  profile. 

Engine  exhaust  characteristics  are  also  needed. 

The  characteristics  include  volume  flow  vs.  ship  speed 
and  exhaust  temperature  vs.  ship  speed.  For  example  of  how 
these  data  are  applied,  see  page  l-29and  page  1-33. 

1.1. 1.3  Velocity  Ratio  Calculation  - The  first  step  in  stack 
design  is  to  estimate  the  exit  velocity  of  the  stack  gas  (Vs). 
With  that  velocity,  the  velocity  ratio  (ratio  of  stack  to 
wind  velocity)  can  be  formed. 

Stack  area  is  calculated  using  the  minimum  acceptable 
backpressure  at  maximum  power.  Backpressure  is  specified  by 
the  engine  manufacturer,  or  in  the  case  of  steam  plants, 
taken  from  boiler  backpressure  criteria.  If  no  other  data 
are  available  the  following  procedure  can  be  used  to  approxi- 
mate exhaust  velocity  at  full  power. 

Calculate  the  exhaust  stack  exit  flow  area  (As)  and 
equivalent  diameter  (Ds  * V4As/ir)  with  the  following  data, 
assuming  no  major  obstructions  in  the  duct  flow  path;  use 
the  exhaust  volume  flow  (ft*/sec)  from  engine  characteris- 
tics, and  the  maximum  exhaust  velocities  (ft/sec)  from 
table  1-1. 


Table  1-1  Stack 

Exit  Velocity 

Ship 

Class 

Stack 

Height 

Stack  Exit 

Steam 

Velocity  (ft/sec) 

Gas  Turbine 

All  - 

Stack  Height  Abv.  Tur- 
bulent Zone 

130 

180 

All  - 

Low  Profile  Stack 

180-200 

250 

For  the  purpose  of  this  manual,  40  kts  is  taken  as  the  worst 
absolute  wind  speed.  This  velocity  corresponds  to  the  wind 
velocity  in  the  North  Atlantic  that  is  annually  exceeded 
about  2 percent  of  the  time.  Higher  wind  speeds  will  cool 
the  plume  faster  and  can  be  expected  to  contain  more  turbu- 
lence. 
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With  Vs  and  Vw  the  velocity  ratio  (Vs/Vw)  can  be 
calculated.  The  acceptability  of  the  velocity  ratio  in  terms 
of  effectiveness  in  ejecting  the  exhaust  gas  plume  clear  of 
the  ship  is  determined  through  comparison  with  previous  de- 
signs. A table  is  then  assembled  in  the  form  of  Table  1-2 
which  contains  the  velocity  ratios  for  the  ship  speeds  being 
considered  and  a head  wind  and  tail  wind  of  40  kts  each.  The 
resulting  velocity  ratios  are  compared  to  the  values  of 
Table  1-2  and  adjustments  of  stack  area  are  made  if  the  values 
fall  far  below  these  limits.  A check  should  be  made  so 
that  at  some  fairly  low  power  setting,  such  as  cruise,  the  Vs/ 
Vw  should  not  fall  below  1.0.  This  checks  well  with  AO  177 
in  Table  102  and  also  with  the  experience  of  Nolan  [1,  p.  22]. 
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Table  1-2  Velocity  Ratios  for  Various  Ship  Types 
40  Knot  True  Wind  Speed  (V^) 


Ship 

Ship  Type  Power  Level 

Speed  , 
kts 

Ft/Sec  Headwind  Tailwind 


Combatant 
Destroyer  , . 
(DG/AEGIS) 


Combatant 
Frigate.  . 
(FFG  7) 

Auxiliary 
Tanker  . 
(AO  177) 


Helo- 
carrier 
(Sea  Control 
Ship) 


Max 

30 

1257 

236 

2.00 

14.60 

Cruise 

20 

1090 

152 

1.50 

4.45 

Idle 

10 

953 

54 

.64 

1.06 

Max 

28 

1240 

264 

2.30 

13.20 

Cruise 

20 

1110 

186 

1.85 

5.46 

Idle 

5 

1060 

56 

.56 

.95 

Max 

21-23 

1320 

130 

1.24 

4.28 

Cruise 

20 

1275 

105 

1.04 

3.11 

15  kts  Ahead 

15 

1250 

63 

.68 

1.47 

10  kts  Astern 

-10 

1260 

88 

1.70 

1.04 

Max 

25 

1310 

234 

2.13 

9.24 

Sustained 

22 

1317 

251 

2.40 

8.26 

Half  Throttle 

17 

1182 

161 

1.70 

3.97 

Slow  Ahead 

9 

1127 

131 

1.58 

2.50 

(a)  Low  profile  stack  design 

(b)  Stack  height  penetrates  boundary  layer 


1.1. 1.4  Stack  Shape  and  Height  - Background  and  rationale 
for  this  technique  is  presented  in  Section  2.4.  See  Figure 
1-2  for  a definition  of  terms.  The  design  procedure  follows: 

(a)  Determine  the  height  of  the  turbulent  zone  (hfc) 
with  procedure  described  in  Appendix  A.  Refer  to  Section 
1.1. 1.1. 


(b)  Determine  the  casing  shape  and  the  projection 
of  the  exhaust  smoke  pipe  above  the  top  of  the  casing.  Figure 
1-3  presents  offsets  for  various  stack  shapes.  Figures  1-4 
and  1-5  from  Reference  [5]  gives  the  interpenetration  (h1) 
of  the  plume  as  a function  of  velocity  ratio  for  a number  of 
model  stacks.  The  largest  (absolute)  value  of  interpenetra- 
tion (h')  possible  is  most  desirable.  These  stacks  were 
tested  individually  in  a region  of  laminar  flow.  Referring 
to  Figures  1-4  and  1-5,  the  streamlined  uptake  (No.  2)  consis- 
tently shows  good  performance.  Special  tops  were  included  in 
the  model  series  to  preserve  the  benefits  of  a projecting 
uptake  and  improve  overall  appearance  of  the  stack.  All  the 
stacks  in  these  plots  have  projecting  uptakes  that  extend 
above  the  casing  top  0.475  times  the  casing  width  at  the  base. 
Successful  designs  with  projections  as  small  as  1/4  to  1/2 
of  this  extension  have  been  achieved.  Extension  values  of  2 
to  4 feet  or  about  1/4  to  1/3  of  the  base  width  have  consis- 
tently given  good  results  in  more  recent  model  tests  conducted 
by  the  U.S.  Navy  and  may  be  used.  The  plots  can  be  used  for 
•tack  designs  that  can  be  approximated  by  the  stacks  included 
in  the  model  series.  The  choice  of  casing  shape  depends  on 
the  selected  critical  yaw  angles  that  are  likely  to  present 
problems,  see  section  1.1. 2. 2.  A + 30°  yaw  angle  (wind  angle 
off-the-bow)  is  standard  for  air  operations  on  U.S.  Naval 
vessels. 


(c)  Two  basic  rules  were  formulated  by  Ower  and 
Third  [5]  for  stack  casing  design:  Rule  1 - the  lower  boun- 
dary of  the  smoke  plume  may  be  allowed  to  penetrate  the  zone 
of  turbulence  created  by  the  ship's  structure  to  a vertical 
depth  in  accordance  with  the  following  table. 


TABLE  1-3 

Interpenetration  Fraction 

Interpenetration  (h') 

Interpenetration  Fraction 

Allowed  (p) 

Above  -0.5 

.35 

-0.5  to  -1.5 

.50 

Below  -1.5 

.70 

1-7 


TOP  SHAPES 


on n tot 

c^oto^/ttp^C  ~ 


CAGED  TOP 
TOP  SHAPES 

UPTAKE  SHAPES 


WIND  DIRECTION  (HEADWIND) 


CASING  SHAPES 


0.875  I.D. 

CIRCULAR 


1.25 


0.05  RAD 
0.64 


STREAMLINED 


( 


o n qcn  «-  n ^ » s 
— * ^ ^ ~ 6 6 o 


co<pr>«p^(£>roco 

^ o »- p 0>  h;  in  cx 

o *-  ^ o o o o 


■j4ferr4L 


CASING  B 
(BASE 

ORDINATES 
AS  FOR 
CASING  A) 


SSSSnSSSS 

— 1 o o o 


SSSSfSDSSS 

o o o' 


CASING  F 


FIGURE  1-3  CASING  AND  UPTAKE  SHAPES  TESTED  BY  OWER  AND  THIRD 


1-8 


d u 
a uj 

o ° 


1 


cc 

£ 

8 

Ul 

> 


•M  NOIXVHX3N3dW3INI 


1-9 


FIGURE  1-4  INFLUENCE  OF  STACK  OESIGN  ON  INTERPENETRATION  h' 
• - 0.475  (APPROX.),  0 OEG.  YAW  (FOR  DEFINITIONS  OF 
SYMBOLS  SEE  FIGURE  1-2) 
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FIGURE  1-5  INFLUENCE  OF  STACK  DESIGN  ON  INTERPENETRATION  h' 
• - 0.475  (APPROX.),  20  DEG.  YAW 


( 


Rule  2 - The  lower  boundary  of  the  smoke  plume  must  not 
descend  below  the  stack  top  by  an  interpenetration  dis- 
tance (h')  greater  them  two  stack  widths  (2b).  For  stack 
heights  of  less  than  2 b,  the  allowable  interpenetration 
distance  is  reduced  accordingly.  This  rule  is  applicable 
to  all  angles  of  yaw  between  + 30°. 

(d)  If  no  criteria  exists  for  determining  the 
maximum  yaw  angle  for  design,  determine  the  value  as  illus- 
trated on  Figure  1-6.  Construct  a line  aft  of  the  stack 
centerline  with  a downlook  angle  of  20°.  Extend  the  in- 
tersection radially  to  the  beam  of  the  ship.  This  angle  may 
be  between  10  and  20  degrees.  At  yaw  angles  greater  than  20 
degrees,  the  smoke  plume  passes  off  most  ships'  decks  before 
penetrating  the  turbulent  zone.  Rule  1 can  be  ignored  if 
the  20°  downlook  angle  does  not  intersect  the  centerline 
of  the  ship.  If  the  maximum  yaw  angle  is  greater  them  20°, 
use  20°  in  the  next  calculation. 


(e)  Calculate  velocity  ratios  at  full  power  for  a 
true  wind  of  40  knots  and  the  maximum  yaw  angle  for  rule  1 
by  using  the  following: 

sin  (180-(8  + arc  Bin  ((sin  8) (V./VT) ) ) ] 

Vw  = [1.1] 

sin ( 6 ) /VT 

where 


vw  - Relative  wind  speed, 

VT  = True  wind  speed, 

* Ship  speed,  and 
8 * Yaw  angle  of  relative  wind. 

The  velocity  ratio  is  then,  Vs/Vw 


(f)  Pick  values  of  h'  from  Figures  1-4  and  1-5  for 
the  velocity  ratio  and  type  of  stack  selected.  Then  pick 
appropriate  values  of  p from  Table  1-3. 

(g)  Use  Equation  1.2  to  determine  the  minimum 
stack  height  based  on  Rule  1 for  zero  yaw  and  maximum  yaw. 

H ■ h^  (1  - P)  -h'  11.21 

(h)  Use  equation  (1.1)  to  determine  the  Vw  for  30° 
yaw  and  a true  wind  of  30  knots.  Check  compliance  of  the 
velocity  ratio  under  these  conditions  with  Table  1-4  to 
satisfy  Rule  2. 


A 
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(i)  If  Rule  2 is  not  satisfied,  increase  the  Vg 
and  calculate  a new  H by  going  back  to  (b)  and  reiterating. 

1.1. 1.5  Plume  Trajectories  and  Isotherms  - Plume  trajectories 
and  isotherms  are  to  be  drawn  directly  on  the  ship's  profile. 

To  predict  plume  trajectory  and  temperature,  the  following 
equations  should  be  applied.  (The  derivation  of  which  is 
found  in  Section  2.2).  A step-by-step  method  for  determining 
the  expected  peak  temperature  at  a given  topside  location 
due  to  gas  turbine  exhaust  gases  is  illustrated  below. 

(a)  Plume  Trajectory  - Determine  the  velocity  ratio 
(Vg/Vw)  which  has  a trajectory  through  the  X and  Y coordi- 
nates of  the  selected  topside  location  from  equation  1.3. 

Criteria  for  critical  velocity  ratio  and  operating  conditions 
was  presented  in  Sections  1.1.1  and  1.1.2. 

Y_  . u.3, 

* (2.4  + 0.3  Vs/Vw)"-St 

Where: 

N « 1.15  for  one  exhaust  pipe 

N « 0.86  for  more  than  one  exhaust  pipe 

X « Horizontal  distance  from  stack  centerline,  ft. 

Y ■ Vertical  height  above  stack  exhaust,  ft.  

D * Equivalent  diameter  of  stack  exit  area,  ft.,  ■^4A0/n 


(b)  Temperature  at  the  Centerline  - Calculate  the  non 
dimensional  plume  temperature  ratio  ($) . Calculate  the  maxi- 
mum plume  temperature  (dual  engine  operation)  from  the  rela- 
tionship given  in  Equation  1.4. 


. . Tm  - T-  <yv°-25  u.4] 

* Ts  - T.  (s/Ds) 


where 


Tm  ■ Plume  centerline  temperature,  #F,  * ♦ (Ts  - T^)  + T^ 
Ts  « Average  stack  gas  exhaust  temperature,  *F 
Tw  ■ Ambient  temperature,  #F 
s ■ Plume  length  measured  along  the  plume 
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Using  equation  1.4,  s/Dg  is  easily  plotted  along  tht  >lume 
trajectory  by  using  a tick  strip  to  measure  distance  along 
the  trajectory. 

(c)  Plume  Radius  - Finally  the  radius  of  the  lowest 
trajectory  should  be  plotted  to  show  the  lowest  extent  of  the 
plume  boundary  by  using  the  following  equation. 


r 


o 


Rg  + [2  (0.15  + 1.2/(VS/VW)) 


where 


F = 

* n 


Vs 

PL  -"P. 


(gV{  p. 


fi.)  0.  5 


and 


<»V 


5 


Rs  = Equivalent  radius  of  stack  exit  = Dg/2 
g = gravitational  constant 

p^  = Density  of  wind  (at  standard  conditions) 
p = Density  of  Stack  gas  at  exit. 
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The  profile  drawing  with  plume  trajectories,  isotherms 
and  radii  allows  the  designer  to  estimate  the  typical  tempera- 
tures in  heat  sensitive  antennae,  weapon  systems  and  other 
components.  (See  Appendix  C for  information  about  the  heat 
sensitivity  of  mast  mounted  equipment. ) It  also  allows  him 
to  check  for  reingestion  of  exhaust  gases,  exhaust  gas  in 
crew  areas  and  the  possibility  of  plume  interference  in  air 
operations  (See  Appendix  B for  information  on  air  operations.) 
At  this  point,  adjustments  can  be  made  in  topside  arrangements 
This  would  necessitate  an  interaction  with  other  design  groups 
A re-evaluation  of  Section  1.1  may  be  necessary  after  this  in- 
teraction. 


1.1.2  Preliminary  Design 


Assuming  the  general  design  parameters  have  not  changed 
sufficiently  to  warrant  a reiteration  of  part  1.1,  the  next 
step  in  the  design  process,  stack  design  and  model  testing 
is  usually  coincident  with  Preliminary  Design.  The  general 
flow  problem  is  not  well  enough  understood  to  predict  the 
effect  of  yaw  and  local  obstructions  without  model  testing. 
Hence  the  present  design  technique  consists  of  first  studying 
headwind  and  tailwind  conditions  (Section  1.1.1),  and  then 
making  empirical  judgements  concerning  performance  at  all 
yaw  angles.  When  an  acceptable  design  has  been  derived  in 
this  manner,  it  is  normally  then  model  tested. 

1.1. 2.1  General  Stack  Shape  Design  Guidelines  - Ower  and  Third 
[5]  have  written  an  exhaustive  paper  on  stack  shape  which  in- 
cludes design  guidelines  for  standard  designs.  For  uncon- 
ventional stack  design,  special  studies  to  determine  the  re- 
quired characteristics  are  necessary.  General  guidelines  are 
as  follows: 

(a)  Since  the  main  cause  of  downwash  is  the  bulk  of 
the  funnel  casing,  this  should  be  reduced  as  much  as  possible. 

(b)  Within  the  range  of  normal  practice  in  design, 
the  shape  and  length/breadth  ratio  of  the  casing  profile  in 
plan  have  no  great  influence  on  the  performance  of  the  funnel. 
An  increase  in  fineness  of  the  profile  gives  good  results 

in  headwind  conditions,  but  can  cause  severe  eddying  at  cri- 
tical yaw  angles. 

(c)  Some  improvement  can  be  effected  in  yaw  only  by 
placing  the  uptake  discharge  as  far  aft  as  possible  in  the 
casing. 


(d)  A tapering  casing  is  beneficial  under  most  circum- 
stances, particularly  if  it  results  in  an  appreciable  reduc- 
tion in  breadth  at  the  top. 

(e)  A substantial  improvement  results  from  a simple 
extension  to  the  uptake  beyond  the  stack  top.  A streamlined 
section  rather  than  cylindrical  gives  improved  results. 

(f)  Specially  shaped  tops  can  be  designed  to  take 
full  advantage  of  the  benefits  of  a projecting  uptake.  All 
have  as  their  main  object  the  reduction  of  the  disturbing 
effect  of  the  casing.  Even  at  the  higher  angles  of  yaw, 
their  performance  is  much  better  than  that  of  a casing  with 
only  a projecting  cylindrical  uptake.  Minor  modifications 
to  the  shape  of  these  tops  do  not  seem  to  have  a vital  bearing 
on  the  performance,  but  with  domed  shaped  tops  it  is  recom- 
( mended  that  the  uptake  discharge  be  angled  at  20-25  deg.  to 

the  vertical.  Rounding  the  stack  top  eliminates  tendency 
Cor  smoke  to  creep  forward  over  the  top  (3). 
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(9)  Slope  of  the  stack  top.  The  horizontal  top  is 
best  but  a downward  rake  aft  of  1"  per  foot  does  not  affect 
performance.  Greater  rake  deflects  the  flow  downward  into 
the  stagnated  region.  It  also  forms  a large  eddy  at  the  for- 
ward edge  which  will  cause  the  smoke  to  drift  forward  [3] . 

These  results  were  based  on  a study  of  a typical 
variety  of  stack  shapes.  The  authors  noted  that  the  stack 
casing  is  more  detrimental  to  stack  flow  than  any  other  in- 
dividual characteristic.  This  is  due  to  the  downwash  caused 
by  the  casing.  But,  casings  are  now  generally  used  to  house 
machinery  and  are  necessary  despite  their  detrimental  effect 
on  gas  flow.  Typical  stack  elevations  and  section  shapes  are 
presented  in  sections  1.2  and  1.3.  Also  typical  examples  of 
well  designed  casings  are  described  in  Section  2.1.3. 

1.1. 2. 2 Velocity  Ratio  Probabilities  - The  probabilities  of 
velocity  ratios  when  the  relative  wind  comes  from  various 
directions  can  be  calculated  by  the  NAVSEC  computer  program 
entitled,  "Mean  Stack  Gas  Velocity  Ratios  and  Probabilities 
of  Relative  Wind  Direction  for  Known  Ship  Speed  and  Exhaust 
Speed  Characteristics"  [20]. 

This  program  computes  mean  stack  gas  to  relative  wind 
velocity  ratios_and  the  probabilities  that  the  relative  wind- 
over-  the-deck,  Vwod,  will  be  from  each  of  n equal  sectors. 
Only  the  solutions  for  sectors  on  one  side  of  the  ship  are 
calculated  because  their  mirror  sectors  have  equal  solutions. 
The  tailwind  sector  is  always  analyzed  first. 

The  weighted  mean  velocity  ratio,  (R  * Vs/V„) , is 
calculated  for  each  sector.  Also  calculated  for  each  sector 
are  ten  values  of  the  probability  that  the  velocity  ratio 
will  be  less  than  R,  where  R varies  from  1.0  to  5.5.  A 
plot  of  these  ten  points  yields  the  cumulative  probability 
curve  as  a function  of  R throughout  the  range. 

The  data  required  to  operate  the  program  are: 

(a)  The  number  of  sectors  to  be  analyzed.  See  Figure 
1-7  (A). 

(b)  A ship  speed  profile  with  15  or  fewer  discrete 
ship  speeds  and  their  associated  probabilities  of  occurrence. 
See  Figure  1-7 (B) . 
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(c)  Five  values  of  ship  speed  with  the  corresponding 
stack  exhaust  speed.  The  range  of  these  ship  speeds  must 
spam  the  range  of  the  ship  speed  profile.  See  Figure  1-7(0. 

The  program  is  based  on  solutions  to  a number  of  special 
case  problems  utilizing  discrete  values  of  ship  speed  and 
wind  speed.  A typical  problem  involving  eight  sectors  and 
seven  ship  speeds  requires  just  under  two  hours  to  solve. 

Ten  discrete  wind  velocities  and  their  probabilities 
of  occurrence  have  been  assumed  by  the  prograun.  These  winds 
are  based  on  meteorological  data  from  the  North  Atlantic, 
amd  they  represent  a reasonable  worst  case. 

1.1. 2. 3 Model  Testing  - The  scope  of  a model  test  prograun  will 
vary  greatly  depending  on  the  nature  of  the  design.  It  is 
now  possible  to  design  am  auxiliary  vessel  with  a high 
stack  and  few  heat  sensitive  antennae  without  resorting  to 
model  tests.  On  the  other  hand  a very  unusual  configuration, 
such  as  the  eductors  on  the  DD  963,  would  require  extensive 
testing  of  the  stack  alone  as  well  as  waterline  ship  model 
tests.  During  the  design  of  the  Sea  Control  Ship,  three 
versions  of  a modified  streamline  stack,  which  would  be  in- 
expensive to  build,  although  not  as  aerodynamically  desirable 
as  a streamlined  stack,  were  tested  and  a design  selected. 

For  typical  design,  there  are  two  kinds  of  model  tests: 

(a)  Individual  stack 

(b)  Ship  waterline  model  with  or  without  the  stack 

Individual  stack  tests  are  conducted  when  studying  different 
stack  shapes.  Traditionally  these  tests  developed  because 
it  was  felt  that  the  small  stacks  on  ship  models  would  pre- 
sent scaling  problems.  However,  test  results  by  Ower  and 
Third  [5]  suggest  the  critical  Reynold’s  number  does  not 
affect  the  down wash  by  any  appreciable  amount.  For  details 
on  model  testing  techniques  and  practices,  see  Section  2.3. 
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1.1. 2. 4 Air  Operations  - Aircraft  operations  are  affected 
in  two  ways  by  topside  arrangements  and  stack  design.  First, 
airflow  patterns  downwind  of  the  deckhouse,  helo  hanger, 
or  stack  must  be  investigated  during  the  model  study.  The 
landing  area  may  be  exposed  to  reverse  or  erratic  flow  con- 
ditions in  the  depression  or  "burble"  region  which  exists 
downwind  of  these  structures.  It  is  this  depression  region 
that  is  formed  by  the  downwash  which  tends  to  suck  down  or 
disperse  the  plume.  The  complex  effects  and  interaction  of 
locally  generated  boundary  layers  cannot  be  adequately  pre- 
dicted. It  has  been  the  traditional  role  of  smoke  model 
testing  of  new  ship  designs  to  isolate  these  problems. 

Ower  and  Third  [4]  have  defined  superstructure  design  tech- 
niques which  can  minimize  the  effects. 

The  second  consideration  is  the  effect  of  the  hot  gas 
plume  crossing  the  flight  path  during  air  operations.  The 
exhaust  gas  affects  the  aircraft  by  (1)  power  loss  in  the 
gas  turbine  engines,  and  (2)  loss  of  lift  due  to  a reduction 
in  air  density.  Thus  it  is  necessary  to  define  an  envelope 
of  exhaust  gas  temperature  for  various  wind  velocities  and 
relative  headings.  The  normal  approach  pattern  is  from  down- 
wind flying  into  the  relative  wind  heading.  This  provides 
maximum  lift  at  any  given  engine  power  level.  However,  NAVAIR 
insists  that  there  be  clear  approach  paths  from  any  angle 
between  90°  and  2700  relative  to  the  bow.  To  allow  considera- 
tion of  various  approach  angles  by  the  aircraft,  the  exhaust 
gas  trajectory  and  temperature  should  be  evaluated  at  several 
relative  wind  angles  (0°,  30°,  and  45°). 

Appendix  B contains  further  criteria  for  air  operations 
on  naval  vessels. 


1.1.3  Contract  Design 

Model  testing  is  usually  completed  during  the  early 
phase  of  contract  design.  Hopefully  any  major  changes  to 
topside  arrangements  and  the  stack  design  can  be  resolved 
at  this  time.  Based  on  the  previous  studies  conducted,  it 
is  now  appropriate  to  choose  a final  design  configuration. 

1.1. 3.1  Final  Design  Isotherms  and  Trajectories  - Resolu- 
tion of  design  conflicts  or  deficiencies  at  this  stage  re- 
quires design  changes  which  affect  other  equipment  systems. 
Actions  which  can  be  taken  are  illustrated  on  Figure  1-8. 

In  increasing  order  of  complexity,  they  include  the  fol- 
lowing : 

1.  Change  stack  shape. 

2.  Increase  the  velocity  ratio  through  the  use  of 
exit  nozzles,  dampers,  or  added  air. 

3.  Raise  the  stack. 

4.  Consider  special  stack  designs. 

1.1. 3. 2 Heat  Sensitive  Components  - The  equipment  items  listed 
in  Table  1-5  are  required  by  procurement  specifications  not  to 
exceed  the  limitations  of  MIL-E-16400  (149°F  operating  and 
167QF  non-operating) . Increasing  the  ambient  temperatures 
beyond  these  values,  although  non-fatal  from  the  standpoint 

of  immediate  failure,  will  have  a negative  effect  upon  compo- 
nent service  life  and  result  in  shorter  maintenance  intervals. 
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FIGURE  1-8  STACK  DESIGN  MODIFICATIONS  TO  AVOID  SMOKE  NUISANCE 


Item 


Long  Term  Short-Term  (less 
than  10  min/hrTT 


A. 

Coaxial  Cable: 

(RG-214 , RG-218 , RG-333, 
and  1-5/8"  Foam  Filled) 

Applied  RF  Pwr/Rating 

100% 

104 

104 

50% 

140 

140 

20% 

162 

162 

10% 

169 

169 

0% 

176 

176 

B. 

Wave  Guides: 

(Rigid  & Flexible) 

185 

212 

C. 

Misc.  Line  of  Sight  Items: 
(Radar,  TACSATCOM , AS-699, 
AS-1174 , AN/URD-4,  AN/URN-3) 

176 

185 

D. 

Antenna-Couplers : 

An/SRA-17 

185 

212 

AN/SRA-43 

172 

185 

E. 

Antenna  Insulators 

Fiberglass 

185 

212 

Ceramic  Bowl 

185 

212 

Ceramic  Strain  Relief 

185 

221 

F. 

Wire  Rope 

Vinyl  Covered 

176 

176 

Un jacketed 

185 

221 

G. 

Weapons : 

CiWS  (Phalanx) 

150 

150 

23 


1.2  Auxiliary  Ship  Design  Example 

The  FY75  Auxiliary  Oiler  AO-177  stack  configuration 
was  selected  as  a design  sample.  Reference  21  summarizes 
the  design  efforts  of  SEC  6136  during  Preliminary  and  Con- 
tract Design  of  the  AO-177. 

1.2.1  Superstructure  Configuration  and  Stack  Height 

The  reference  drawing  used  was  the  General  Arrange- 
ments (Inboard  Profile)  dated  16  April  1974.  Critical  areas 
identified  during  the  drawing  review  were  possible  impinge- 
ment of  the  exhaust  plume  on: 

(a)  The  ship's  superstructure  adjacent  (forward)  of 
the  stack  exit  terminal. 

(b)  The  ship's  antenna  mast  and  mast-mounted  elec- 
tronics components  forty  (40)  feet  forward  of  the  stack. 

(c)  The  helicopter  operations  (hovering)  area  above 
VERTREP,  forty  (40)  feet  aft  of  the  stack  discharge. 

Boundary  Layer  Height 

The  AO-177  deck  house  is  shown  in  Figure  1-9.  The 
boundary  layer  height  (H ) can  be  calculated  from: 


H * B x hj  11.6] 

where 

B * deck  house  beam  (unity)  (Note  that  in  Appendix 
A,  the  deck  house  beam  is  designated  as  b.) 

ht  * boundary  layer  max.  height  expressed  in  terms 
of  deck  house  beam  (B) . This  term  should  not 
be  confused  with  interpenetration  (h'). 

Sample  calculations  for  two  representative  deckhouse  beam 
widths  were  made,  80  and  38  feet.  The  boundary  layer  height 
for  each  of  these  cases  then  lies  between: 

“ 0.42(80)  • 33.6  ft  (above  the  deckhouse) 

ht  ■ 0.42  from  test  number  74,  Appendix  A 

or  adding  the  4 ft.  bulwark 

■ 33.6  + 4 ■ 37.6  ft.  (above  the  07  level) 
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or  alternatively 


H2  = 0.68(38)  + 4 = 29.8  ft  (above  the  07  level) 

ht  * 0.68  from  test  number  9,  Appendix  A. 

In  this  case  the  mean  value  for  boundary  layer  height  (H) 
was  chosen: 

H * (H^  + H2)/2  = 33.7  ft  (above  the  07  level). 

1.2.2  Velocity  Ratio 

The  design  velocity  ratio  is  determined  using  the  method 
of  Ower  and  Third.  The  ship  profile  is  illustrated  in  Figure 
1-10.  The  procedure  for  applying  Rule  1 is  as  follows  [5] : 

(a)  Find  the  maximum  yaw  angle  for  which  Rule  1 should 
be  applied.  This  will  vary  between  10  and  20  degrees.  At 
yaw  angles  greater  than  20  degrees,  the  smoke  plume  passes 
off  most  ships'  deck  before  penetrating  the  turbulent  zone. 

(b)  Draw  a line  from  the  stack  casing  top  at  a down 
angle  of  20  degrees  below  the  horizontal.  The  downward  sloping 
line  should  be  rotated  to  form  a cone  whose  apex  is  at  the 
stack  terminal.  The  maximum  yaw  angle  in  plan  view  is  where 
the  cone  intersects  the  beam  of  the  ship. 

(c)  Since  the  cone  clears  the  ship'  decks,  see  Figure 
1-10,  Rule  1 does  not  apply. 

Therefore,  the  next  step  is  to  apply  Rule  2.  Assuming 
a maximum  ship  speed  of  2 3 knots  (V&) , and  true  wind  speed 
of  30  knots  (VT) , and  a yaw  (8)  of  30  degrees,  determine  the 
relative  wind  speed  (Vw)  from  equation  1.1: 

..  _ sin [180°  - (30°  + arc  sin  ((sin  30°) (23/30) ) ] 

vw  « s!n"fo'V30 

■ 47.6  knots  or  80.4  ft/sec. 

Selecting  a 130  ft/sec  stack  exit  velocity  (V8)  from  Table  1-1, 
the  design  velocity  ratio  becomes: 

V./Vw  - - 1.62  [1.91 


< 
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This  value  of  Vg/Vw  is  well  above  most  of  velocity  ratios 
presented  in  Table  1-2  for  Auxiliary  Tankers.  The  reason 
is  that  a 30  knot  true  wind  speed  was  used  rather  than  the 
worst  case  condition  of  40  knots.  Either  raising  the  true 
wind  speed  (VT)  or  lowering  the  maximum  yaw  angle  (6)  will 
lower  the  design  velocity  ratio.  Changing  the  true  wind 
speed  to  40  knots  and  redoing  the  calculation  using  equa- 
tion 1.8  yields: 

v = sin  [180°  - (30°  + arc  sin (30°) (23/40) ) ] 

W sin  (30°) /40 

Vw  * 58.2  knots  = 80.8  ft/sec 

V s/vw  = = 1.32 

® a a n 


A nominal  design  velocity  ratio  of  1.3  was  selected.  The 
exhaust  characterestics  at  the  full  power  sustained  speed 
condition  are  shown  in  Table  1-6. 


TABLE  1-6 

AO-177  EXHAUST  CHARACTERISTICS  AT  FULL  POWER 


11.10] 

[1.11] 


Ship 

Ship 

Stack  Exhaust 

Stack 

Stack 

Exhaust  Tee- 

Type 

Class 

Velocity  at 

Area 

Diameter 

perature  at 

Sustained  Full 

Sustained 

Power 

Full  Power 

Auxiliary 

A0177 

130  ft/sec 

9.62ft* 

3.5  ft 

400°F 

1.2.3  Stack  Configuration 

The  final  AO  177  stack  configuration  is  shown  in  Figure 
1-11.  The  configuration  must  closely  approximate  Ower 
and  Thirds  case  (9)  (see  Figure  1-5) , a domed  top  cylin- 
drical uptake  with  22-1/2  degree  slope.  From  figure  1-5 
at  a velocity  ratio  of  1.6,  the  interpenetration  (h') 
distance  allowed  is: 


h'  - -1.2 
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Taking  the  interpenetration  fraction  (p)  from  Table  1-3, 
p = 0.5.  From  Figure  1-2 


P = 1 


H + h' 

ht 


Solving  for  h': 

h*  = ht(l  - p)  -H 

h’  = 34  (0.5)  -33  * -16 ' 


and 


b 


16 

“h* 


175“  " 13,3  ft' 


A nominal  value  of  14  feet  base  width  was  chosen  at  the  cen- 
ter line  of  the  stack  as  shown  in  Figure  1-11.  The  domed  top 
was  simplified  to  a 45  degree  slope  to  simplify  construction. 
Theory  would  call  for  a pipe  extension  (e)  of  0.475  x 14  ft  = 
6 ft.  However,  previous  model  test  experience  (reference  7) 
had  shown  a 3 ft  pipe  extension  with  this  shape  to  be  suffi- 
cient. 


1.2.4  Plume  Trajectories  and  Isotherms 

Predictions  of  plume  trajectory  and  centerline  tempera- 
ture in  headwind  and  tailwind  conditions  using  equations  1.3 
and  1.4  are  shown  on  Figures  1-12  and  1-13  respectively. 

Table  1-7  presents  the  respective  ship  operating  conditions 
and  power  plant  parameters  used  to  calculate  the  plume  condi- 
tions. 


1.2.5  Probability  Analysis 

The  combined  cumulative  probabilities  of  ship  speed,  ex- 
haust velocity,'  and  true  wind  speed  as  a function  of  time  were 
used  in  the  computer  program  described  in  section  1.1. 2. 2. 

The  program  calculates  a mean  stack-to-relative  wind  velocity 
ratio  (Vs/Vy) , and  the  percent  of  time  that  relative  winds 
will  occur  In  each  identified  sector.  To  select  a design 
velocity  ratio 
total  time  in 

sidered  a reasonable  percentage  of  time  which  some  form  of 
adverse  gas  entrainment  could  be  accepted.  The  mean  and 
design  velocity  ratios  and  their  respective  probability  of  oc 
currence  are  shown  on  Figure  1-14. 


(Vp/Vw)  and  condition,  a factor  of  10%  of  the 
each  segment  was  used.  The  10%  value  was  con- 
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FIGURE  1-14  OPERATIONAL  VELOCITY  RATIOS 


(»,/»„)  ■ WAN  STACK-TO-RELATIVE  HIND  VELOCITY  RATIO 

f ■ PROBABILITY  OF  ENCOUNTERING  THIS  HIND  VELOCITY  RATIO  IN  THAT  SECTOR 

" 0ESI6"  STACK-TO-RELATIVE  HIND  VELOCITY  RATIO  HMICH  HILL  OCCUR  LESS 
* " 0 THAN  10»  THE  TOTAL  TINE. 

■R  . PROBAilLlTY  OF  ENCOUNTERING  (V  /V  > IN  THAT  SECTOR 
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TABLE  1-7 


POWER  PLANT  PERFORMANCE 

PARAMETERS  (1) ' (2) 

Full  Power 

Combined  Propulsion  Boiler 
Exhaust  Airflow 

Gas  Temperature,  stack 

40  OOF 

Velocity  0 stack  exit 

130  ft/sec 

Exhaust  weight  flow 

61  lb/sec 

Ship  speed 

21-23  knots 

Cruise  Power  (Max) 

Gas  Temperature,  stack 

355°F 

Velocity  0 stack  exit 

105  ft/sec 

Exhaust  weight  flow 

49  lb/sec 

Ship  speed 

20  knots 

15  Knots 

Gas  Temperature,  stack 

330°F 

Velocity  at  Stack  exit 

63  ft/sec 

Exhaust  weight  flow 

30  lb/sec 

10  Knots  (Astern) 

Gas  Temperature,  stack 

340°F 

Velocity  at  stack  exit 

88  ft/ sec 

Exhaust  weight  flow 

42  lb/sec 

(1)  Ambient  Temperature  (T,,)  ■ 100°F 

(2)  Stack  Diameter  ■ 3.5  Ft. 
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1. 3 Combatant  Ship  Design  Example 


The  FFG-7  (Patrol  Frigate)  stack  configuration  was 
selected  as  the  combatant  design  example.  References  [14, 

16,  22  and  23]  summarize  the  design  efforts  conducted  during 
Preliminary  and  Contract  Design  of  the  FFG-7. 

1.3.1  Superstructure  Configuration  and  Stack  Height 

The  design  procedure  followed  in  the  auxiliary  tanker 
example  is  not  generally  applicable  to  combatant  ship  stacks. 
This  is  due  to  the  fact  that  most  combatant  ship  designs 
utilize  low  profile  stack  configurations.  This  minimizes 
topside  weight,  and  provides  the  least  obstruction  for  radar 
and  weapons  coverage. 

A serious  problem  existed  at  the  end  of  the  Preliminary 
Design  Phase  of  FFG-7.  The  stacks  had  been  configured  with 
only  a cowling  protruding  above  the  top  deck  of  the  super- 
structure. Clearly  then,  there  is  no  need  to  check  boundary 
layer  heights,  the  stack  discharge  would  always  be  well  within 
the  turbulent  zone. 

To  determine  the  minimum  stack  height  which  would  be 
satisfactory,  a model  test  was  conducted  [22].  The  results 
indicated  hot  exhaust  gas  reingested  into  the  inlets.  In- 
sufficient vertical  clearance  of  the  stack  discharge  terminal 
caused  the  plume  to  get  trapped  and  attach  to  the  deck  at 
velocity  ratios  (Vs/Vy)  of  2.0  and  under.  Recommendations  re- 
sulting from  the  model  study  were  to: 

(a)  Raise  the  stacks  to  a height  of  6 feet  above  the 
03  level  (top  deck)  with  the  uptake  pipes  extending  an  addi- 
tional 2 feet  higher  than  the  terminal  top. 

(b)  Reduce  the  uptake  exit  area  to  increase  the  up- 
take velocity  and  momentum. 

The  resulting  sustained  full  power  design  conditions  are 
given  in  Table  1-8. 


Table  1-8:  FFG-7  Exhaust  Characteristics  at  Full  Power 


Ship 

Type 

Ship 

Class 

Stack 

Exit 

Velocity 

Stack 

Area 

Stack 

Diameter 

Exhaust 

Temperature 

Combatant 

FFG-7 

264  ft/sec 

17.05  ft* 

4.7  ft 

780°F 

1-35 


1.3.2  Velocity  Ratio 


Velocity  ratios  were  tabulated  for  a number  of 
operating  conditions.  Table  1-9  presents  these  data. 

TABLE  1-9 

FFG-7  Performance  Data 


OPERATING  MODE 

Full  Power  Cruise 

Idle 

Stack  Exit  Temperature  (°F) 

780 

650 

600 

Velocity  (ft/sec) (Vs) 

264 

186 

56 

Ship  Speed  , knots 

28 

20 

5 

Velocity  Ratio 

0 deg  Yaw 

2.30 

1.85 

0.56 

30  deg  Yaw 

2.53 

1.96 

0.75 

180  deg  Yaw 

13.20 

5.46 

0.95 

Vw  = 40  kt;  TA  = 100°F 

1.3.3  Stack  Configuration 

The  stack  configuration  selected  was  similar  to  Owen 
and  Third's  casing  A (Figure  1-3)  [5]  with  a forward  cylin- 
drical section.  The  stack  casing  was  not  angled.  No  at- 
tempt at  altering  the  stack  shape  to  improve  performance 
was  made  because  of  the  extremely  low  height  of  the  stack 
terminal . 

1.3.4  Plume  Trajectories 

Exhaust  plume  temperature  profiles  for  the  FFG-7  are 
shown  on  Figure  1-15  for  the  sustained  full  power  condition. 
The  method  used  to  calculate  these  curves  is  the  same  as  that 
presented  in  section  1.1. 1.5. 

1.3.5  Probability  Analysis 

The  probability  of  occurrence  of  a specific  plume 
incidence  temperature  (T)  for  a selected  topside  location 
(x,  y)  can  be  expressed  as  the  conditional  probability i 
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FIG.  1-15  EXHAUST  PLUME  TEMPERATURE  PROFILES  FOR  THE  FFG-7 


p IW  = P[TA  x Vw  x VA  X 6] 


where 

Ta  * ambient  air  temperature 

P[]  * probability  of  variable  in  parenthesis 
occurring 

8 * yaw  angle  of  wind 

VA  * ship  speed 
Vw  * true  wind  speed 
Vg  * stack  exit  velocity 

All  parameters  are  assumed  to  be  stochastically  independent 
(i.e. , not  influenced  by  one  another),  the  probability  can 
be  expressed  as: 

plW  « PCTa]  • P[vw]  • P[VA]  ' P[6] 

Hand  calculations  were  used  in  this  case.  Some  of  the  vari- 
ables used  in  the  analysis,  along  with  the  cumulative  results, 
are  shown  in  Figure  1-16.  Each  set  of  input  parameters  was 
conservatively  chosen  so  that  the  lowest  velocity  ratios 
would  result. 


1-38 


2.0  BACKGROUND  AND  THEORY 


Turbulent  Flow  and  the  Stack  Gas  Plume 

2.1.1  Nature  of  Stack  Emissions  ^ 

2. 1.1.1  Soot  - Soot  is  comprised  of  relatively  large  particles 
that  grow  on  the  inner  surfaces  of  the  stack  which  eventually 
breakoff  and  are  ejected.  These  particles  possess  a finite 
rate  of  descent  [4].  Soot  can  burn  boat  covers,  discolor 
paint  and  corrode  steel.  It  can  not  be  controlled  like  smoke 
because  soot  settles  out  of  the  plume  while  smoke  is  buoyant 
and  remains  in  the  plume.  Soot  can  be  controlled  by  dust 
collectors,  expansion  chambers,  insulated  stacks  or  scrubbers 
[4].  The  soot  problem  is  usually  worse  on  a steam  operated 
ship  when  the  engineer  blows  soot  from  the  boiler  surfaces. 

This  often  results  in  a rain  of  soot  on  the  deck.  Although 
soot  is  a factor  in  the  design  of  ship's  stack  it  is  a prob- 
lem that  is  not  addressed  in  this  manual.  { 

2. 1.1. 2 Smoke  - Smoke  is  a gaseous  efflux  of  very  fine  par- 
ticles that  will  remain  suspended  indefinately.  These  elements 
make  up  the  bulk  of  the  plume  and  must  be  ejected  clear  of 

the  ship  with  the  plume.  Smoke  causes  many  problems  when 
jLnteracting  with  other  systems  because  it  has  the  following 
properties : 

° Corrosive  (contains  sulphur) 

° Nauseous 

° Highly  heated  (can  cause  over temperature  damage) 

° Not  always  visible 

These  properties  of  smoke  mean  it  must  not  be  in- 
gested into  the  crew  areas,  cannot  pass  uncontrolled  through 
antennae,  must  be  kept  clear  of  helicopter  operations,  must 
not  be  reingested  into  the  engines  or  other  intakes,  and  must 
not  impinge  on  any  part  of  the  hull  or  superstructure. 

2.1.2  Gas  Flow  Around  Bodies 

2. 1.2.1  Two  Dimensional  Cylinder  in  an  Air  Stream  - Sherlock 
f 8 I compared  the  stack  to  a long  circular  cylinder  in  a 
cross  flow.  If  the  gas  in  this  flow  was  perfect  (i.e.,  no 
losses  due  to  viscosity)  it  would  regain  Its  original  flow 
pattern  after  passing  the  cylinder  as  shown  in  Figure  2-1. 
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FIGURE  2-1  ) 

IDEAL  FLOW  AROUND  A CIRCULAR  CYLINDER 

As  an  ideal  gas  passes  the  cylinder  the  velocity  of  the  flow 
increases.  This  results  in  a corresponding  increase  in  ki- 
netic energy  with  a corresponding  decrease  in  pressure.  At 
the  point  where  the  flow  passes  the  maximum  width  of  the 
cylinder  kinetic  energy  is  at  a maximum  and  is  sufficient  to 
cause  the  flow  to  return  to  the  original  streamlines.  How- 
ever, air  is  not  a perfect  gas.  As  a real  gas  it  possesses 
frictional  viscosity  which  causes  kinetic  energy  losses  when 
traveling  past  the  cylinder.  Because  of  this  reduction  in 
kinetic  energy  the  flow  cannot  return  to  the  original  stream- 
lines and  is  forced  to  separate  as  shown  in  Figure  2-2. 


FIGURE  2-2 

SEAL  GAS  FLOW  AROUND  A CIRCULAR  CYLINDER 

Separation  forms  a region  where  the  static  pressure  is  lower 
than  free  stream  but  higher  than  the  fast  moving  layers  im- 
mediately around  it.  These  fast  moving  layers  support  a 
pressure  difference  due  to  their  momentum.  Eventually  they 
turn  in  upon  themselves  and  roll  up  into  vortices,  with  axes 
parallel  to  the  axis  of  the  cylinder.  These  vortices  flow 
downstream  and  slowly  disintegrate  as  the  low  pressure  cen- 
tral region  entrains  free  flowing  gases.  This  causes  the 
vortices  to  increase  in  mass  and  decrease  in  rotational  momen- 
tum. Eventually  rotation  breaks  down  completely  and  flow  no 
longer  follows  any  particular  pattern.  It  has  been  shown 
that  vortices  must  be  staggered  to  be  dynamically  stable  and 
form  what  is  known  as  a "Kerman  Trail"  [5]. 
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2. 1.2. 2 Flow  Over  Bluff  Bodies  [2]  - As  can  be  seen  in  Figure 
2-3  the  flow  over  a bluff  body  separates  from  the  boundary 
ahead  of  the  body  to  form  an  eddy  region  on  the  windward 
surface.  A second  separation  occurs  on  the  leading  edge  of 
the  upper  surface  and  spreads  to  fill  the  area  behind  the 
body.  Regions  above  the  separation  are  smooth.  The  flow 
has  generated  a streamline  flow  over  an  abrupt  obstacle 
and  a turbulent  region  immediately  in  contact  with  the  ob- 
stacle. 


ACCELERATED  FLOW 


FLOW  AROUND  A BLUFF  BODY 

Mixing  of  the  free  stream  with  the  turbulent  area  occurs  at 
the  interface  and  tends  to  continue  the  disturbance  down- 
stream. Vortices  are  generated  as  shown. 

2. 1.2. 3 Stack  Plume  Flow  - The  flow  around  the  ship  stack 
is  a combination  of  the circular  cylinder  flow  and  the  bluff 
body  flow.  To  complicate  matters  this  body  ejects  gases  ver- 
tically and  the  entire  turbulent  flow  pattern  is  subject  to 
abrupt  changes  as  the  yaw  angle  changes. 

° Deformation  of  the  plume  ai  it  is  bent  - Usually, 
the  stack  plume  is  emitted  perpendicular  to  a 
laminar  cross  flow,  in  a region  of  laminar  flow 
a gas  jet  has  distinct  boundaries.  At  its  source 
the  jet  has  a reasonably  uniform  velocity  profile 
and  relatively  low  turbulence.  As  the  jet  rises 
it  is  deflected  by  the  cross  flow  and  the  plume 
bends  until  its  flow  is  principally  horizontal. 

A pressure  field  forms  around  the  jet  as  it  is 
deflected  causing  it  to  form  a kidney  shape  [9]. 

The  jet  will  remain  distinct  as  long  as  the  cross 
flow  is  laminar  but  in  a region  of  turbulent  flow 
the  jet  will  quickly  spread  out  and  no  longer  be 
distinct.  This  is  what  happens  if  the  plume  enters 
the  turbulence  of  the  ship's  superstructure. 
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° Local  effect  - The  stack  usually  can  be  represented 
as  a short  cylinder.  Gas  flowing  around  this  cylin- 
der experiences  an  increase  in  pressure  on  the 
windward  face  and  a corresponding  decrease  of  pres- 
sure on  the  sides  and  back.  Air  flows  over  the  top 
and  down  the  back  of  the  stack  as  is  shown  in  Figure 
2-4 . 


FIGURE  2-4 

RESULTANT  PATH  OF  STACK  GASES  IN  THE  WIND 


If  the  gas  emitted  from  point  A of  Figure  2-4 
has  sufficient  velocity,  V_,  it  will  be  carried 
along  path  C.  But,  if  smoke  is  emitted  at  A 
with  a very  low  Vs  then  the  influence  of  Vw  will 
cause  it  to  follow  a path  to  B.  This  second  flow 
is  called  a "downwash"  and  if  sufficiently  strong 
will  cause  the  smoke  to  come  down  to  the  deck  as 
it  mixes  in  with  the  vortices  behind  the  stack. 
For  typical  merchant  ships  the  "downwash"  does 
not  extend  more  than  1/2  to  1 stack  diameter  be- 
low the  stack  outlet  [3].  The  velocity  ratio, 
vs/vw,  is  the  determining  factor  for  "downwash" 
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being  a problem.  The  amount  of  "downwash"  is 
also  influenced  by  the  shape  of  the  stack  and 
yaw  angle.  A streamlined  stack  at  small  yaw 
angles  will  not  generate  the  vortex  trail  that 
a circular  stack  generates.  The  streno of 
these  trailing  vortices  is  a major  contributor 
to  "downwash." 

° Ships  Turbulent  Zone  Effect  - The  superstructure 
of  a ship  is  composed  of  a number  of  bluff  bodies 
each  of  which  contributes  its  own  turbulent  wake. 
Each  obstacle  acts  as  a turbulence  generator  that 
sheds  vortices  which  gradually  mix  with  the  region 
of  laminar  flow  as  they  travel  downstream.  To- 
gether these  generators  combine  to  form  a general 
turbulent  region  which  encompasses  the  entire 
ship  superstructure  and  is  known  as  the  turbulent 
zone.  Model  tests  have  confirmed  the  existence  of 
a turbulent  zone  that  increases  in  depth  aft. 

These  tests  have  also  shown  that  the  turbulent  zone 
is  a function  of  ship  superstructure  and  yaw  angle. 
In  the  previous  section  it  was  noted  that  when  a 
plume  enters  a turbulent  region  it  will  mix  through 
out  that  region.  Therefore,  if  the  stack  plume 
enters  the  turbulent  zone  via  stack  "downwash"  the 
smoke  will  be  brought  down  to  the  deck.  Tradition- 
ally the  top  of  the  stack  was  well  above  the  tur- 
bulent zone  and  "downwash"  did  not  cause  a problem. 
But  this  is  not  now  the  case.  The  transition  from 
laminar  to  fully  turbulent  flow  is  a gradual  one 
that  takes  place  through  a region  of  significant 
depth.  A stack  ejecting  gas  into  this  transitional 
region  will  only  perform  satisfactorily  if  "down- 
wash  is  properly  controlled.  The  Patrol  Frigate 
is  an  example  of  a ship  class  that  ejects  the  stack 
gases  directly  into  the  turbulent  zone.  This  was 
possible  after  increasing  the  stack  gas  velocity 
to  260  ft/sec. 

° Yaw  Angle  - Yaw  angle  is  the  angle  of  the  relative 
wind  to  the  ship's  heading.  Yaw  angle  affects 
both  the  turbulent  zone  and  the  "downwash”  around 
the  stack.  Usually  ship  stacks  are  longer  than 
they  cure  wide  and  will,  therefore,  have  different 
flow  patterns  as  the  yaw  changes.  Generally,  the 
performance  of  an  individual  stack  In  a laminar 
cross  wind  degenerates  as  yaw  increases  beyond  15 
to  20  degrees.  But  a stack  model  mounted  on  a 
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ship  structure  will  exhibit  degenerated  perfor- 
mance from  15  to  60  degrees  and  then  improved 
performance  from  60  to  90  degrees  [3],  This 
improvement  is  caused  by  a change  in  the  direc- 
tion of  flow  over  the  stack.  For  small  yaw 
angles  the  flow  over  the  stack  is  largely  horizon- 
tal and  continues  to  be  horizontal  until  the  flow 
approaches  60°  of  yaw.  From  this  point  on  the 
vertical  sides  of  the  ship  become  dominant  flow 
directors,  the  direction  of  the  flow  becomes  ver- 
tical and  the  vertical  flow  carries  the  stack 
gases  higher.  The  result  is  improved  stack  per- 
formance . 

2. 1.2. 4 Control  of  Plume  Behavior  - The  plume  can  be  affected 
by  changing  any  of  the  following relationships  which  in  turn 
affect  the  height  of  the  turbulent  zone,  the  velocity  ratio, 
plume  temperature,  and  local  flow  around  the  stack  (i.e., 

"down wash") . 

° Type  of  power  plant  - Gas  turbines  usually  present 
the  biggest  problem  with  the  plume  but  for  small 
high  powered  vessels  gas  turbines  have  shown  them- 
selves to  be  desirable  for  other  reasons.  A gas 
turbine  plant  requires  four  times  the  air  mass 
flow  and  will  exhaust  this  large  volume  of  air  at 
200°C  higher  than  a comparable  steam  plant  [10]. 

In  addition,  gas  turbines  are  very  sensitive  to 
temperature  transients  and  the  increased  mass  flow 
makes  intake  location  a critical  problem. 

o Vessel  operating  profile  - This  operating  profile 
is  the  necessary  result  of  the  vessel’s  mission 
and  is  not  likely  to  be  changed.  The  profile  con- 
tains probabilities  of  operating  velocity  ranges 
and  the  complimentary  mass  flow  and  temperature 
of  the  power  plant  exhaust. 

° Stack  Area  - Stack  area  directly  affects  the  smoke 
velocity.  The  effective  outlet  area  of  the  stack 
can  be  continuously  varied  with  a damper.  Multiple 
stacks  can  also  be  employed  to  keep  the  stack  velo- 
city high  while  operating  at  low  powers.  Both 
techniques  sacrifice  efficiency  and  simplicity  for 
the  sake  of  improved  plume  performance. 
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Location  of  stack  - By  merely  moving  the  stack 
longitudinally  it  may  be  possible  to  exhaust 
the  gases  outside  the  turbulent  zone  (TZ) . 
Longitudinal  stack  location  can  also  be  used 
to  maximize  the  distance  between  stack  and  an- 
tennae and  thereby  lower  the  temperature  of 
the  gases  passing  through  the  antennae. 

° Characteristics  of  the  stack  - The  shape  of  the 
stack  itself  can  be  used  to  improve  the  local 
flow  and  reduce  the  "downwash. ” There  are  many 
variations  and  a detailed  discussion  of  these 
can  be  found  in  Section  2.1.3. 

° Height  of  the  stack  or  TZ  - Both  stack  height 
and  height  of  the  turbulent  zone  can  be  adjusted 
to  decrease  the  likelihood  of  plume  entrainment 
in  the  turbulent  zone. 

2.1.3  Conventional  and  Special  Stack  Shapes 

The  following  stack  configurations  have  one  design 
goal  and  that  is  to  surround  the  plume  with  smooth  flowing 
air  at  all  yaw  angles.  Most  of  these  shapes  work  well  under 
some  conditions  and  exhibit  little  or  no  improvement  for 
other  conditions.  They  are  presented  to  familiarize  the  de- 
signer with  several  alternative  types  of  stacks. 

2. 1.3.1  Streamlined  Stacks  - Most  conventional  stack  de- 
signs have  streamlined  body  sections.  Streamlined  sections 
are  chosen  in  pre ference  to  cylindrical  sections  due  to  archi- 
tectural and  flow  considerations  (in  a headwind).  Stream- 
lined stacks  with  long,  slender  sections  fore  and  aft  cause 
considerably  more  suction  in  a sidewind  than  an  equivalent 
cylinder.  However,  aesthetic  considerations  and  fore  and  aft 
design  conditions  dictate  selection  of  streamlined  designs. 

Acker  (3]  has  shown  that  a horizontal  stack  top  is 
better  than  a raked  or  sloped  top.  The  horizontal  top  gives 
less  section  aft  than  a sloping  top.  If  the  stack  top  must 
be  raked  for  design  purposes,  1:12  is  a suitable  slope.  In 
sane  special  designs,  a slope  of  1:9  has  produced  good  results 

Although  there  are  numerous  variations  of  streamlined 
stack  types,  a good  example  of  this  type  of  stack  casing  is 
the  Clydebank  funnel  design.  The  design  was  introduced  by 
John  Brown  & Co.,  Ltd.  in  the  early  1950's.  Figure  2-5  shows 
some  elevation  and  section  views  of  the  casing.  The  upper  one 
third  has  a section  similar  to  Casing  A in  Figure  1-3.  This 
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2 . 1 . 3 . 6 Athwartships  Terminal  Extentions  - The  SS  FRANCE 
stack  configuration  is  a vertical  casing  with  two  faired  fins 
extending  horizontally  athwartships.  The  smoke  is  ejected 
from  the  ends  of  these  fins  and  thereby  removed  from  the 
stagnation  region  in  the  lee  of  the  vertical  casing.  Often 
in  operation  the  downwind  fin  is  sealed  as  an  extra  pre- 
caution in  keeping  stack  gas  out  of  the  stagnation  region. 

This  stack  has  been  successful  in  eliminating  the  downwash 
effect  beind  the  stack  even  though  the  stack  gases  are  given 
no  vertical  thrust.  The  DE  1052  stack  terminal  uses  a simi- 
lar technique  to  direct  exhaust  gases  clear  of  the  ships 
superstructure.  Exhaust  gas  is  directed  into  two  separate 
port  and  starboard  terminal  pipes  angled  aft  and  slightly 
above  horizontal.  Figure  2-9  illustrates  this  design. 

2. 1.3. 7 Annulus  - An  air  annulus  surrounding  the  exhaust 
flow  can  improve  plume  structure  and  compactness  but  does 
not  increase  the  trajectory  height.  To  be  effective  the  an- 
nulus should  have  a velocity  not  less  than  one  to  two  times 
the  free  stream  velocity  and  at  a volume  at  least  equal  to 
the  exhaust  at  full  power.  Schultz  and  Matthews  [11]  tested 
three  annuli  with  widths  8.8,  16.0  and  24.4  percent  of  the 
stack  diameter  and  found  the  smallest  annulus  to  be  best. 
Acker  [3]  suggests  keeping  the  annulus  width  less  than  10 
percent  of  the  stack  diameter. 

2. 1.3. 8 Eductors  - Eductors  were  utilized  in  the  DD  963  to 
cool  the  exhaust  gases  being  emitted  from  the  stack.  In  this 
design  the  exhaust  temperature  into  the  eductor  is  900aF  and 
the  temperature  out  of  the  eductor  is  400-500 *F.  The  cooling 
eductor  air  flow  is  1.6  to  1.0  times  the  turbine  exhaust  flow. 
Figure  2-10  shows  a typical  eductor.  This  design  was  guided 
by  model  tests  at  UCLA,  where  many  configurations  of  eductors 
were  tested.  At  this  time  any  eductor  design  must  be  accom- 
panied by  detailed  model  tests. 
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2.2 


Plume  Behavior  Theory 


2.2.1  Plume  Prediction  Equations  - The  following  equations 
were  found  to  give  the  best  representation  of  plume  character- 
istics when  compared  with  full  scale  and  model  test  data. 


2. 2. 1.1  Trajectory  - The  form  of  equation  2.1  was  derived  by 
Hoult,  Foy  and  Fourney  [13].  Figure  2-11  contains  specific 
results  of  their  theoretical  treatment  of  the  gas  plume. 
Charwat  conducted  model  tests  during  the  design  of  the  DD  963 
\and  determined  the  values  of  the  coefficients  of  equation  2.1. 


y _ (Vs/Vw) [1.7(X/Db)]°-37 
°S  (1.2  + 0.15  Vs/Vw) ° * 5 ° 


[2.1] 


Figure  2-11  shows  a comparison  of  equation  2.1  and  the  data 
taken  during  the  HMS  GLAMORGAN  trials  [10] . 


Subsequent  review  of  the  GLAMORGAN  data,  and  refinement  of 
the  coefficients  resulted  in  the  following  equation: 


Y = N(Vg/Vw) (X/Rs)0'25 
°S  (2.4  + 0.3  V8/Vw) °'50 

Where : 

N = 1.15  for  one  exhaust  pipe 
N = 0.86  for  more  than  one  exhaust  pipe 


2 . 2 . 1 . 2  P_lume  Temperature  - Equation  2.2  was  derived  during 
the  design  of  the  Sea  Control  Ship.  This  equation  is  plotted 
on  Figure  2-12  along  with  the  GLAMORGAN  and  LM2500  [14]  full 
scale  test  data  and  Charwat' s model  test  data.  To  use  equa- 
tion 2.2  it  is  necessary  to  know  the  plume  length. 


_ Tm  - T-  (VB/Vw)#-iS 

* TS  " T«o  " B/DB 


[2.2] 


In  many  instances  it  is  sufficient  to  plot  the  trajectory 
(using  equation  2.1  [1]}  and  then  measure  the  plume  length 
with  an  approriate  graphical  method.  When  a graphical  solu- 
tion is  not  appropriate  equation  2.3  can  be  employed  to  de- 
termine S analytically.  This  equation  is  a direct  applica-  ' 
tion  of  Simpson's  rule  to  the  integral: 


/Vl  ♦ I1  4y 


NON-DIMENSIONAL  NON-DIMENSIONAL 

PLUME  TRAJECTORIES  PLUME  TRAJECTORY 

GLAMORGAN  TRIALS  GLAMORGAN  TRIALS 

20<V|/VW<2.35  2.35<Ve/V„X  2.7 


2-: 


FIG.  2-11  CHARWATS  EQUATION  AND  THE  GLAMORGAN  DATA 


FIG.  2-12  PLUME  TEMPERATURE  EQ.  2.2  AND  DATA  FROM  GLAMORGAN, 
LM2S00,  AND  CHARWAT'S  MODEL  TEST. 


§-  = (^-)  [1  + 4 (1  + . 6906K) 0 * 5 + (1  + 7 . 29K)  0 • s ] [2.3] 


s s 


where 


[2.4  + 0.3  Vs/Vw)»-S1 
' L 0.914  (Vs/V„)  _ 


5.4  3.4 


2. 2. 1.3  PI  time  Radius  - Equation  2.4  presents  the  radius, 
r , of  the  plume  as  a function  of  plume  centerline 
height.  The  equation  was  reported  by  Weil  [6]  who  had 
based  his  theoretical  work  on  Hoult,  Fay  and  Forney  [13]. 

ro  - Rs  + 12  <-15  + l-2/(Vs/Vw))  - 1/ (2Frz ) ] y [2.4] 


where 


_ Fr  « Vs/[gRs/((Ts  - TJ/TJ]0’5,  Tb  in  »R 


Equation  2.5  (as  reported  by  Stoner  [15]  can  be  used  to 
predict  the  temperature  within  the  plume,  T,  at  a given 
radius,  r,  given  the  maximum  radius  from  equation  2.4  and 
the  temperature  at  the  plume  centerline  2.2. 


2.2.2  Sources  of  Information  - The  following  Tables  (2-1) 
contain  a summary  of  the  essential  sources  of  plume  behavior 
theory  upon  which  this  text  is  based. 
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Geometric  similarity  can  exist  if  Iv/R8  8nd  ^b^s  ari 
the  same  for  two  flows.  However,  usually  the  velocity 
ratio  and  stack  Froude  no. , Fr,  are  used  to  judge  simi- 
larity. 
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Plume  behavior  does  not  depend  on  stack 
Reynold's  number. 
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lationehip  was  n m 1.12  and  K •>  0.61. 

Equations  (3)  and  (4)  are  identical. 

Note  in  this  paper  the  constants  in  equations  (1) 


2.3 


Model  Testing 
Introduction 


2.3.1 


This  chapter  is  included  to  aid  the  designer  in 
choosing  the  proper  technique  and  scope  of  smoke  plume  re- 
lated model  testing.  Model  testing  to  determine  the  charac- 
teristics of  the  stack  gas  flow  has  been  employed  for  the 
last  five  decades. 

Nolan's  paper  of  1946  [1]  was  one  of  the  earliest 
to  address  the  function  of  the  smoke  plume  model  test.  He 
utilized  two  different  types  of  model  tests  that  are  still 
in  use  today.  The  first  of  these  tests  was  conducted  with 
a ship  model  complete  from  the  waterline  up.  This  model 
was  mounted  on  a flat  turntable  to  simulate  the  ground  plane 
and  placed  in  a wind  tunnel  so  that  the  yaw  angle  could  be 
adjusted  to  any  desired  figure.  The  waterline  model  was 
used  in  two  different  investigations.  The  first  was  a de- 
termination of  the  height  of  the  turbulent  zone.  For  this 
test  the  ship  stack  need  not  be  included  since  it  has  only 
a local  effect  on  flow.  The  second  purpose  of  the  waterline 
model  is  to  investigate  stack  performance.  For  this  test 
gases  are  emitted  from  the  stack  at  several  yaw  angles  and 
velocity  ratios. 

Nolan  conducted  a second  test  series  to  investigate 
the  downwash  behind  the  Btack.  In  these  tests  several  stack 
shapes  were  mounted  on  a flat  turntable.  Simulated  stack 
gas  was  emitted  and  each  stack  was  rotated  to  examine  down- 
wash  at  different  yaw  angles.  This  arrangement  allowed  com- 
parative studies  of  the  stacks  at  higher  Reynold's  numbers 
than  the  ship  model  tests,  and  in  a laminar  cross  flow. 

Since  Nolan's  original  work  in  a wind  tunnel  at  Newport 
News,  many  tests  have  been  conducted  world  wide  in  wind  tun- 
nels and  water  channels.  These  tests  have  shown  modeling  to 
be  an  invaluable  tool  in  stack  design  which,  considering  the 
state  of  mathematical  prediction  techniques  for  plume  beha- 
vior, is  often  necessary  for  a complete  and  thorough  design 
effort.  The  following  outline  is  a condensation  of  stack 
model  testing  information.  The  information  contained  herein 
will  aid  the  designer  in  using  model  testing. 

2.3.2  Fluid  Flow  in  Test  Channel  - Both  wind  and  water  chan- 
nels have  been  used  in  stack  plume  model  tests.  They  suffer 
the  cannon  drawback  of  a zero  velocity  gradient  with  eleva- 
tion change.  Natural  winds  exhibit  a velocity  gradient. 
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Wind  velocity  increases  to  a constant  value,  VR,  several 
hundred  feet,  ZR,  above  sea  level.  The  velocity  gradient 
follows  this  form: 

V/VR  = (Z/ZR)1/x  (x  Z 7,  x = f (temperature))  [2. 

Large  ships  are  largely  within  this  gradient  and 
experience  a variation  in  the  direction  of  the  relative 
wind  because  of  the  change  in  the  magnitude  of  true  wind 
velocity.  However,  because  of  the  difficulty  of  generating 
a stable  meterological  wind  profile  in  a tunnel,  even  uni- 
directional gradients  are  rarely  examined. 

Sea  roughness  also  affects  the  wind  profile.  The 
usual  modeling  procedure  is  to  mount  the  model  on  a smooth 
board,  with  no  consideration  for  sea  roughness  (Thornton 
[2]). 


Early  model  tests  (Nolan  II]  and  Acker  [2])  were 
usually  conducted  in  wind  tunnels;  sometimes  with  heated 
plumes.  More  recently,  tests  for  naval  vessels  have  been 
conducted  with  inverted  models  mounted  on  the  roofs  of  water 
channels.  In  these  tests  a denser  fluid  is  injected  to 
model  buoyancy  of  the  smoke  plume.  Water  tunnels  have  the 
advantage  of  offering  higher  Reynolds  number  than  wind  tun- 
nels for  the  same  tunnel  flow  speed  and  model  size.  Gener- 
ally the  plume  in  a water  tunnel  can  be  made  visible  more 
easily  that  in  a wind  tunnel  and  photographed  with  greater 
facility. 

2.3.3  Model  Scaling  Factors 

2. 3. 3.1  Effect  of  Reynold ' 8 Number  - Model  testing  can  only 
be  applied  to  design  when  the  scale  effect  is  understood 
and  can  therefore  be  accounted  for  properly.  Geometric 
similarity  does  not  imply  flow  similarity  for  model  and 
ship.  fror  low  floe  velocities  (i.e.,  the  range  covered  by 
stack  flow  model  testing)  similarily  of  flow  patterns  for 
ship  and  model  would  be  assured  if  the  ship  length  Reynold's 
number.  Re,  is  maintained 

where 

W 

However,  model  size  usually  falls  between  1/40  and  1/100  ship 
size  and  testing  tunnel  velocities  are  limited  so  that  both 


for  air  and  for  water  the  model  length  Reynold's  number  is 
much  smaller  than  the  ship  length  Reynold's  number.  This 
difference  in  Reynold's  number  has  been  investigated  in 
various  model  tests  and  shown  to  have  little,  if  any  effect 
on  ship  models.  Ower  and  Third  14]  conducted  three  full 
scale  tests  to  compare  the  heights  of  the  turbulent  zone 
of  models  and  full  scale  ships.  They  found  no  appreciable 
difference  even  for  a ship  with  a well  rounded  superstruc- 
ture. 


The  effect  of  Reynold's  number  on  the  stack  itself 
must  be  considered  separately  from  the  ship  Reynold's  num- 
ber. It  is  the  normal  design  practice  to  extend  the  stack 
above  the  turbulent  zone.  In  this  case  the  stack  individually 
encounters  a cross  flow  and  the  downwash  behind  the  stack 
is  the  critical  factor.  When  individual  stacks  are  tested 
over  a range  of  Reynold's  number,  a critical  value  of  stack 
Reynold's  number  is  encountered.  Stack  Reynold's  number  is. 


Re. 


Vw  Ds 
vw 


12.8] 


Below  this  value  the  drag  is  higher  and  consequently  the 
flow  pattern  is  larger  at  values  slightly  above  the  criti- 
cal Re~.  One  would  expect  that  the  downwash  behind  the  stack 
would  be  greatly  affected  by  the  stack  Reynold's  number. 

However,  Ower  and  Third  [4-5]  have  experimentally  demonstrated 
that  downwash  behind  the  stack  does  not  change  as  the  stack 
Reynold '8  number  traverses  the  critical  range.  These 
authors  attributed  the  change  in  drag  at  critical  stack 
Reynold's  number  to  a reduction  in  the  thickness  of  the  tur- 
bulent region  but  saw  no  reduction  in  the  extent  of  down- 
wash  along  the  stack  casing  axis. 

A third  very  important  scaling  factor  can  be  assessed 
through  use  of  the  local  flow  Reynold's  number;  which  is 

Vs  x 

ReL  * 12.9] 

w 

This  Reynold's  number  is  critical  in  determining  the  transi- 
tion from  laminar  to  turbulent  flow  in  the  plume.  Above 
the  critical  Rex,#  the  plume  size  greatly  increases  because 
fully  turbulent  flow  has  developed  within  it.  Below  the  cri- 
tical Rex,#  the  turbulence  within  the  plume  does  not  fully 
develop  and  the  plume  is  no  longer  geometrically  similar  to 
the  full  scale  plume.  Weil  [6]  has  determined  that  the  cri- 
tical Reynold's  number  (Rec)  is  approximately  10*.  One  should 
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note  the  implication  of  Re  that  the  model  gas  flow  adjacent 
to  the  stack  is  not  modeled  properly  until  the  distance  down- 
stream, x,  is  large  enough  to  raise  Rec  above  critical. 
Therefore,  if  the  Vg  is  low  enough  the  model  plume  will  be 
too  small  for  a significant  distance  downstream. 


2. 3. 3. 2 Plume  Density  - The  plume  from  a ship  is  a mass  of 
heated  gas  that  is  buoyant  and  this  buoyancy  will  affect  the 
plume  trajectory.  Buoyant  forces  become  increasingly  impor- 
tant at  higher  velocity  ratios.  Normally,  the  higher  velo- 
city ratios  are  not  critical  for  stack  performance  because 
the  plume  tends  to  travel  straight  up  and  presents  the  least 
interference  problem  with  other  ship  systems.  The  exclusion 
of  temperature  effects  results  in  model  tests  that  are  conser- 
vative. It  should  be  noted  that  the  theoretical  plume  tra- 
jectory presented  in  this  manual  does  not  include  a term  for 
plume  density  since  it  is  assumed  that  plume  behavior  near  the 
stack,  for  reasonably  low  velocity  ratios,  is  a function  of 
stack  gas  and  cross  flow  momentum  and  not  stack  gas  buovancv. 

In  most  literature  plume  density  modeling  is  not  recommended. 
However,  the  use  of  the  following  relationship  will  allow  plume 
buoyancy  scaling  in  a water  channel  if  it  is  believed  impor- 
tant to  do  so.  For  plume  gases  and  air,  density  is  proportional 
to  temperature,  hence,  given  the  temperature  of  the  exhaust 
gas  at  the  stack  and  the  cross  flow  temperature,  it  is  possible 
to  determine  the  density  of  the  buoyant  plume. 


[2.10] 


Air  test  exclude  the  use  of  heated  air  in  the  model  because 
the  above  temperature  relationship  would  require  extremely 
high  model  gas  temperatures  which  are  not  practical.  Hence 
plume  density  modeling  is  limited  to  a water  channel  where 
the  density  of  the  plume  can  be  controlled  more  easily. 


2.3.4  Necessary  Conditions  for  Plume  Model  Scalinc 


The  following  four  conditions  must  be  satisfied  simul- 
taneously to  assure  the  similarity  of  the  model  plume  with  the 
full-scale  plume. 


° Geometric  similarity  of  model  to  ship  - However, 
details  such  as  rigging  often  are  omitted  since 
their  effects  are  not  significant. 
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Relative  wind  direction  - When  the  relative  wind 
yaw  angle  of  the  ship  model  and  the  full  scale 
ship  are  equivalent  then  the  flow  patterns  will 
also  be  equivalent  regardless  of  the  magnitude 
of  the  relative  wind.  Usually  individual  stack 
performance  gets  increasingly  worse  with  in- 
creasing yaw.  A stack  on  a ship  performs  poorly 
from  about  15°  to  60°  of  yaw  but  performance  im- 
proves from  60°  to  90°.  This  is  due  to  the  ver- 
tical component  of  flow  past  the  stack  as  the 
relative  wind  approaches  the  beam.  The  designer 
must  remember  the  vertical  component  of  flow  past 
the  stack  changes  with  yaw  and  this  affects  down- 
wash  [3]  . 

° The  velocity  ratio  - When  the  velocity  ratio  of 
model  and  full  scale  vessel  are  equivalent  then 
the  momentum  of  vertical  stack  gases  and  the  cross 
flow  momentum  will  produce  similar  plume  trajec- 
tories (see  Section  2. 3. 3. 2 on  the  plume  density). 


° The  model  local  flow  Reynold's  number,  which  is 


ReL  = 


Vo  X 


*w 


must  exceed  10 3 or  plume  diameter 


will  not  expand  fully. 


2.3.5  Effect  of  Tunnel  Walls 


Weil  [6]  has  shown  with  model  tests  that  the  walls 
of  the  flow  channel  do  not  affect  plume  rise  until  the  plume 
diameter  is  equal  to  the  separation  from  the  wall. 

2.3.6  Methods  of  Making  the  Plume  Visible  and  Determining 
the  Height  of  the  Turbulent  Zone  Models  ~~ 

2. 3. 6.1  Plume  Visualization  - The  plume  is  usually  colored 
by  a dark  dye  or,  in  the  case  of  a wind  tunnel,  smoke  is 
ejected  into  the  stack.  Photographic  techniques  are  very 
useful  in  assessing  model  performance,  including  short  dura- 
tion stills  (with  strobic  illumination) , longer  duration 
stills  (1/8  second  to  several  seconds)  and  motion  picture 
photography.  Photography  provides  a permanent  storage  of 
data.  However,  many  lighting  techniques  tend  to  overempha- 
size wisps  of  smoke  so  that  notes  should  be  included  with 
photographs. 
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2. 3. 6. 2 Boundary  Layer  Determination  - The  extent  of  the 
boundary  layer  can  be  determined  from  a ship  waterline 
model  by  three  methods.  All  of  the  methods  make  the 
gradual  transition  from  laminar  flow  above  the  boundary 
layer  to  fully  turbulent  flow  within  the  turbulent  zone 
evident. 

° Shadowgraph  method  - A trail  of  hot  air  from 
a fine  wire  probe  is  made  visible  by  soecial 
lighting  conditions.  Outside  the  turbulent 
zone  the  trail  is  long  and  steady.  When  the 
probe  enters  the  turbulent  zone  the  trail 
behind  the  probe  shortens  and  becomes  un- 
steady. The  probe  is  moved  vertically  and 
translated  along  the  ship  to  map  the  entire 
turbulent  region. 

° Tufts  - This  method  is  similar  to  the  shadow- 
graph but  employs  tufts  on  a proble  to  deter- 
mine the  flow  characteristics. 

° H2S  Method  - This  method  can  be  used  in  various 
ways.  It  is  based  on  the  darkening  of  white 
lead  acetate  paint  by  H2S  in  even  minute  quan- 
tities. Therefore,  a probe  painted  with  white 
lead  acetate  paint  will  become  blackened  when 
it  enters  a turbulent  zone  containing  H2S. 

The  H2S  does  not  cross  the  boundary  layer.  A 
seconfi.  method  has  been  employed  where  the  after 
part  of  the  model  is  painted  with  lead  acetate 
and  a probe  ejecting  H2S  is  lowered  until  it 
enters  the  turbulent  zone  and  darkens  the  paint. 
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2.4 


Theory  Behind  Stack  Height  Predictions 

A technique  for  determining  the  minimum  stack  height 
for  commercial  ships  was  developed  ty  Third  and  Ower  [5]  in 
a paper  on  funnel  design.  Their  technique  is  formulated  to 
give  the  lowest  stack  height  possible  for  any  given  ship  by 
allowing  the  plume  to  mix  in  the  upper  transitional  part  of 
the  boundary  layer.  Flow  in  this  region  gradually  degnerates 
from  laminar  to  fully  turbulent,  decreasing  with  height,  but, 
as  long  as  the  plume  does  not  enter  the  fully  turbulent  re- 
gion where  a back  flow  has  developed  the  plume  will  be  carried 
free  of  the  ship.  To  determine  the  minimum  stack  height 
there  are  two  rules. 

° Rule  1 - The  lower  boundary  of  the  smoke  plume 
may  be  allowed  to  penetrate  the  zone  of  turbu- 
lence created  by  the  ship's  superstructure  to 
a vertical  depth  in  accordance  with  Figure  2-13, 
in  headwinds  and  winds  up  to  a maximum  of  20  de- 
grees yaw. 


TABLE  2-2 

PLUME  INTERPENETRATION 


Interpenetration  (h  * ) 

In terpenetrat ion  . . 
Fraction  Allowed 

above  - 0.5 

0.35 

From  -0.5  to  -1.5 

0.50 

Below  -1.5 

0.70 

Expressed  analytically, 
lowing  equation: 

Rule  1 will  yield  the  fol- 

H - ht (1  - P)  - h' 

(2 

where : 

H - stack  height  above  datum  of  turbulent  zone 
ht  * maximum  height  of  boundary  layer  above  datum 
h * stack  outlet  height  above  lowest  plume  boundary 
P ■ Interpenetration  fraction  of  Table  2-2 
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In  their  paper  Third  and  Ower  realized  that  the 
smoke  must  be  kept  from  entering  intakes  at  all  wind  speeds. 
Intakes  are  usually  located  only  a few  degrees  off  the  center 
line.  The  authors  assumed  that  the  problem  of  intake  inges- 
tion could  be  adequately  solved  by  designing  for  a high 
velocity  ratio  at  the  yaw  angles  that  directed  smoke  over 
the  engine  intakes.  However,  for  higher  yaw  angles.  Third 
and  Ower  suggested  that  a lower  wind  speed  of  15  to  20  knots 
could  be  used.  In  the  North  Atlantic  15  and  20  knots  are  an- 
nually exceeded  70  and  30  percent  of  the  time,  respectively. 
On  the  other  hand  30  knots  is  exceeded  annually  only  3 per- 
cent of  the  time.  The  wind  speed  of  30  knots  also  falls  on 
the  wind  distribution  curve  where  it  levels  off  with  respect 
to  probability  while  both  15  and  20  knots  are  in  the  steepest 
region,  (Figure  2-14).  It  is  therefore  suggested  when  ap- 
plying Rule  1,  that  a value  of  30  knots  be  used  for  the  maxi- 
mum yaw  angle  and  40  knots  be  used  for  the  yaw  angle  that  di- 
rects the  flow  over  intakes  or  antennae. 

Ship  speed  and  true  wind  speed  must  be  added  vectori- 
ally  to  obtain  relative  wind  speed.  This  addition  is  repre- 
sented in  Figure  2-15  and  by  equation  2-12.  Once  the  Vw  has 
been  determined,  this  value  can  be  used  to  calculate  Vg/V . 
With  this  ratio  and  a selected  casing  type,  h'  can  be  ob- 
tained from  Figure  2-16  or  2-17. 

sin  [ISO  - (9  + arc  sin  ((sin  0) (V./VT) ) ) ] 
v»  - 12  • 

where 

Vw  * relative  wind  speed, 

Vt  8 true  wind  speed 
VA  = ship  speed,  and 
6 «=  angle  of  relative  wind 

The  value  of  h'  is  used  to  determine  the  interpenetration 
fraction  from  Table  2-2  and  Equation  2.11  is  then  used  to 
calculate  the  stack  height,  H. 


FIG.  2-14  (REFERENCE  (71 ) 
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FIGURE  FIG.  2-15  VECTOR  DIAGRAM  OF  THE  VELOCITIES 
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FIGURE  2-16  INFLUENCE  OF  STACK  DESIGN  ON  INTERPENETRATION  h' 
• - 0.475  (APPROX.),  0 DEG.  YAW  (FOR  DEFINITIONS  OF 
SYMBOLS  SEE  FIGURE  1-2) 
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FIGURE  2-17  INFLUENCE  OF  STACK  DESIGN  ON  INTERPENETRATION  h' 
• - 0.475  (APPROX  ).  20  DEG.  YAW  (FOR  DEFINITIONS  OF 
SYMBOLS  SEE  FIGURE  1-2) 
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Rule  2 - The  lower  boundary  of  the  smoke  plume 
must  not  descend  below  the  funnel  casing  top  by 
a distance  equivalent  to  more  than  twice  the 
breadth  of  the  casing.  When  the  height  of  the 
funnel  is  less  than  this  distance,  the  allow- 
able descent  of  the  plume  is  reduced  according- 
ly. This  rule  is  applicable  to  all  angles  of 
yaw  up  to  30  degrees. 

Table  III  in  Reference  [5]  contains  the  minimum  values  of 
Vs/Vw  to  comply  with  Rule  2 for  various  stacks. 

In  most  instances  Rule  1 and  Rule  2 are  both  applied 
and  the  highest  stack  height  from  either  becomes  the  design 
height.  Both  rules  are  applied  only  over  limited  yaw  angles 
(<  30°)  because  the  turbulent  zone  calculation  in  Appendix  A 
has  no  meaning  for  large  yaw  angles.  There  are  special  cases 
where  Rule  1 is  not  applied  at  all  or  where  the  yaw  angle  for 
which  Rule  1 should  be  applied  is  limited. 

The  following  discussion  (of  the  maximum  yaw  angle  for 
Rule  1)  refers  to  Figure  2-18.  Rule  1 should  not  be  applied 
when  the  line  ac,  which  passes  through  the  top  of  the  stack 
at  20°  from  the  horizontal,  clears  the  ship  aft.  If  line 
ac  intersects  the  deck  of  the  ship  in  question  then  the  maxi- 
mum yaw  angle  for  Rule  1 is  determined  in  the  following  manner. 
The  circle  with  its  center  point  a and  radius  ab  will  inter- 
sect the  deck  at  d.  If  the  angle  0 formed  by  the  lines  ab 
and  ad  is  less  than  20°  then  0 is  the  maximum  yaw  angle  for 
Rule  1.  If  0 exceeds  20°  then  Rule  1 is  applied  for  20°  of 
yaw. 
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FIGURE  2-18 

MAXIMUM  YAW  ANGLE  FOR  RULE  1 [5] 


2-42 


REFERENCES 


1.  Nolan,  Robert  W.  , "Design  of  Stacks  to  Minimize  Smoke 
Nuisance,"  SNAME  Transactions,  Vol.  54,  1946. 

2.  Thornton,  C.P. , "Ship  Smoke  Stacks:  A Review  of  Aero- 
dynamic Factors  and  Wind  Tunnel  Methods"  DME/NAE  Quar- 
terly Bulletin,  1962(4). 

3.  Acker,  H.C.,  Stack  Design  to  Avoid  Smoke  Nuisance," 

SNAME  Transactions,  Vol.  60,  1952. 

4.  Ower,  E.,  and  A.D.  Third,  "Superstructure  Design  in 
Relation  to  the  Descent  of  Funnel  Smoke,"  Transactions, 
Institute  of  Marine  Engineers  (London),  Vol.  1,  1959. 

5.  Third,  A.D. , and  E.  Ower,  "Funnel  Design  and  the  Smoke 
Plume,"  Transactions,  Institute  of  Marine  Engineers 
(London),  Vol.  72,  1962. 

6.  Weil,  Jeffery  C. , "Model  Experiments  of  High  Stack 
Plumes,"  MIT  Master's  Thesis,  August  1968. 

7.  Pollitt,  G. , D.  N.  McCallum  and  T.  C.  Harrington,  "Sea 
Control  Ship  (SCS)  Stack  Gas  Air  Flow  Report  (Confiden- 
tial) , NAVSEC  Code  6136,  Hyattsville,  Md.  February  1974. 

8.  Sherlock,  R.  H. , and  E.  A.  Stalker,  "A  Study  of  Flow 
Phenomena  in  the  Wake  of  Smokestacks,"  Engineering  Re- 
search Bulletin  No.  29,  Department  of  Engineering  Re- 
search, University  of  Michigan,  Ann  Arbor,  March  1941. 

9.  Gordier,  Robert  L. , "Studies  on  Fluid  Jets  Discharging 
Normally  into  Moving  Liquid,”  St.  Anthony  Falls  Hydraulic 
Lab.,  Minneapolis,  Minnesota,  August  1959. 

10.  "Gas  Turbine  Funnel  Plume  Temperature  Trials,  (HMS 
GLAMORGAN)"  AMEE  Technical  Report  No.  27/72  (British), 
Project  No.  2103,  September  1972. 

11.  Schultz,  and  Matthew,  "Wind  Tunnel  Investigation  of  Smoke- 
stack Annulus  Parameters,"  NSRDC,  Technical  Report, 

August  1967. 

12.  Rains,  Deem  A.,  "DD  963  Power  Plant,"  Marine  Technology, 
Volume  12,  No.  1,  January  1975. 


2-43 


13.  Hoult,  David  D. , James  A.  Fay,  and  Larry  J.  Forney, 

"A  Theory  of  Plume  Rise  Compared  with  Field  Observa- 
tions," Fluid  Mechanics  Lab. , Department  of  Mechanical 
Engineering,  MIT,  March  1963. 

14.  Exhaust  Plume  Temperature  Survey,  DD  963  Propulsion 

Gas  Turbine  Module,  Test  Report,  General  Electric  Air- 
craft Engine  Group,  Document  No.  PF-1-100,  Lynn,  Mass/  ; 

Cincinnati,  Ohio,  September  1972. 

15.  Stoner,  W. , "Estimated  Probabilities  of  Mast  Overtempera- 
ture Due  to  the  Gas  Turbine  Exhaust  Plumes,"  Office  Cor- 
respondence to  D.  A.  Rains,  October  1971. 

16.  NAVSEC,  Code  6136,  Memo:  Patrol  Frigate-Exhaust  Plume 
Studies,  Hyattsville,  Maryland,  December  1973. 

17.  NAVSEC,  Code  6136,  "Sea  Control  Ship,  Air  Flow  and 
Stack  Gas  Dispersion  Prediction,"  Hyattsville,  Maryland, 

January  1973. 

18.  Frazier,  T.  and  G.  Baham,  "A0177  Class  Air  Flow  and 
Stack  Gas  Dispersion  Report,"  George  Sharp,  Inc.,  June 
1974. 

19.  "Clydebank  Funnel,"  The  Marine  Engineer  and  Naval  Archi- 
tect, March  1954. 

20.  Pollitt,  G. , and  D.  McCallum,  "Mean  Stack  Gas  Velocity 
Ratios  and  Probabilities  of  Relative  Wind  Direction  for 
Known  Ship  Speed  Characteristics,"  Sec.  6136  August  1974. 

21.  "AO  177  Air  Flow  and  Stack  Gas  Dispersion  Report,"  Naval 
Ship  Engineering  Center,  Code  6136,  June  1964. 

22.  Hampton,  Gary  A.,  "Stack-Gas  Studies  for  a Patrol  Frigate 
(PF)  represented  by  Model  5282",  NSRDC  Carderock,  Report 
495-H-03,  September  1972. 

23.  NAVSEC,  Code  6110,  PF  Project  Report  5079,  "Patrol  Frigate 
Gas  Turbine  Exhaust  Stack  Plume  Trajectories  and  Tempera- 
ture Distribution",  22  September,  1972. 

24.  Westinghouse  Letter  Report  827-15-1,  "Effects  of  Ele- 
vated Ambient  Temperature  or  Mast  Mounted  Equipment  for 
Sea  Control  Ship",  28  July  1972. 


2-44 


APPENDIX  A 


"SUPERSTRUCTURE  DESIGN  IN  RELATION  TO  THE 
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Superstructure  Design  in  Relation  to  the  Descent  of 

Funnel  Smoke 

E.  OWER,  B.Sc.,  A.C.G.I.,  F.RAe.S.,*  and  A.  D.  THIRD,  B.Sc.,  Ph.D.,  A.R.C.S.T.t 


One  of  the  factors  that  determines  the  necessary  height  of  a funnel  casing  is  the 
height  of  the  zone  of  disturbed  air  flow  due  to  the  superstructure.  This  paper  provides 
focmube  and  diagrams  which  enable  the  height  of  the  zone  to  be  calculated  from  the 
ship's  drawings  alone,  without  recourse  to  experiments. 

The  data  were  obtained  from  wind  tunnel  tests  with  model  ships.  The  methods 
used  are  described;  and  an  account  is  given  of  comparative  tests  carried  out  oq  ships 
at  sea,  which  showed  that  wind  tunnel  experiments  of  this  kind  accurately  reproduce 
full-sale  conditions.  No  direct  confirmation  of  the  validity  of  wind  tunnel  tests  to 
the  aerodynamics  of  superstructure  design  had  previously  been  obtained. 

Finally,  consideration  is  given  to  the  problem  of  smuts,  which  is  essentially 
different  from  that  of  smoke.  It  is  shown  that  it  should  be  possihle  to  prevent  smuts 
from  being  ejected  from  the  funnel  by  introducing,  somewhere  in  the  exhaust  ducting 
between  the  boiler  and  the  outlet  of  the  uptake,  a vertical  length  of  enlarged  section 
and  about  12ft.  high  in  which  the  gas  velocity  will  be  reduced  to  about  10ft.  per  sec. 


nmtoDocnoN 

Gttttrd 

The  factors  responsible  for  the  descent  of  funnel  smoke 
on  to  the  decks  and  superstructures  of  ships  were  discussed 
in  an  earlier  paper11).  It  was  there  shown  that  the  movement 
of  air  over  the  bows  and  superstructure  due  to  a combination 
of  ship  speed  and  wind  speed  sets  up  a region  of  disturbed 
flow  over  the  ship.  The  height  of  this  disturbed  region,  which 
has  come  to  be  called  the  turbulent!  zone,  depends  mainly  on 
the  shape  and  size  of  the  superstructure;  and  the  efflux  from 
the  funnel  must  be  carried  dear  of  the  turbulent  zone  if  the 
ship  is  to  be  free  from  smoke  trouble.  Two  main  factors 
determine  whether  this  condition  will  be  fulfilled,  namely  the 
height  of  the  upper  boundary  of  the  turbulent  zone— the 
turbulence  boundary— and  the  design  of  the  funnel,  inducting 
the  speed  at  which  the  smoke  is  emitted. 

Scop*  of  Ruaarch 

A general  research  is  bring  carried  out  for  the  British 
Shipbuilding  Research  Association  to  investigate  both  these 
factors.  Its  ultimate  object  is  to  enable  the  naval  architect  to 
predict,  from  an  inspection  of  the  ship's  drawings  alone,  and 
without  recourse  to  experiments,  either  model  or  full-scale, 
whether  a projected  design  of  ship  is  likely  to  be  free  from 
smoke  trouble.  To  do  this,  be  will  require  dies  from  which 
he  can  estimate  (a)  the  probable  height  of  the  turbulence 
boundary,  and  (b)  bow  much  his  particular  type  of  funnel 
should  project  above  the  boundary  to  ensure  that,  with  the 
cflhnt  speed  he  cut  allow,  the  smoke  shall  not  be  drawn  down 
*nto  the  turbulent  zone. 

Director,  British  Thermostat  Co*  Ltd. 
f Director  of  Research  of  Thermotank,  Ltd. 
t Set  Appendix  1 for  on  explanation  of  the  ■«— «”f  of  “turbulence” 


Part  I of  the  paper  is  intended  to  supply  the  designer  with 
information  of  type  (a)  in  the  farm  of  diagrams  and 
formube  from  which  he  can  calculate  the  height  of  the 
turbulence  boundary  above  the  superstructure.  Work  on 
problems  of  type  (b)  is  still  in  progress.  Two  earlier  American 
researches)*  *>  have  dealt  with  both  these  aspects,  but  the 
results  are  not  sufficiently  systematic  or  comprehensive  for 
the  purpose  stated  in  the  preceding  paragraph. 

FuU-tcdt  Work 

The  results  given  in  Part  I were  obtained  entirely  from 
tests  of  models  in  s wind  tunnel.  Experiments  of  this  kind 
are  much  easier  to  conduct  and  less  costly  than  tests  on  actual 
ships;  and  the  method  has  been  widely  used  by  Nolan12'  and 
Acker*’1  and  for  numerous  ad  hoc  investigations  on  the  smoke 
problem  extending  over  many  years.  The  disparity  in  scale 
and  speed  beiueai  model  and  full-scale  conditions,  however, 
is  to  great  that  doubts  have  sometimes  been  expressed  about 
the  applicability  of  the  model  results  to  actual  ships.  Hitherto 
it  has  been  possible  to  counter  these  doubts  only  by  the  state- 
ment that  ships  modified  or  designed  on  the  basis  of  the  results 
of  smoke  tests  in  the  wind  tunnel  have  usually  been  found 
trouble  free  in  service;  no  direct  quantitative  comparison 
between  the  air  flow  patten  over  a full-scale  ship  and  its 
model  bad  been  made. 

It  was  thought  desirable,  therefore,  to  indude  a comparison 
of  this  kind  in  the  present  research;  and  tests  were  accordingly 
made  on  three  ships  and  their  models  for  this  purpose.  The 
work  is  described  in  Part  II  of  the  paper. 

Smuts 

To  avoid  misunderstanding  it  should  be  stated  here  that, 
although  the  data  given  in  Part  I will  be  of  assistance  to  the 
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naval  architect  in  respect  of  the  smoke  problem,  they  will  not 
enable  him  to  prevent  smuts  or  toot  from  falling  on  to  the 
ship,  or  even  to  reduce  troubles  due  to  this  cause.  Smoke 
and  smuts  present  two  entirely  different  problems,  although 
they  are  often  confused.  Smoke  consists  of  very  fine  solid 
particles  which  in  still  air  would  eventually  fall  on  to  the 
deck,  but  ao  slowly  that  they  can  be  regarded  as  virtually  in 
suspension.  Smuts  are  much  heavier  than  smoke  particles 
and,  if  they  are  eiectcd  from  the  funnel  at  all,  they  will  fall 
to  deck  level  much  more  quickly.  If  by  then  the  ship  has  not 
travelled  far  enough,  or  the  relative  wind  is  not  strong  enough, 
to  carry  them  dear,  they  will  fall  on  to  the  deck.  A possible 
method,  which  was  suggested  by  a shipowner,  of  preventing  the 
ejection  of  smuts  is  'focussed  in  Part  III. 
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Part  1— Determination  of  the  Turbulence  Boundary  on  Models 
of  Typical  Superstructures 


/.  1.  EXPERIMENTS 

All  the  model  work  was  done  at  an  air  speed  of  12ft  per 
tec.  in  the  wind  tunnel  of  Thermo  tank.  Ltd.,  which  has  a 
rectangular  working  lection  3ft  (vertical)  by  4ft,  in  whicn 
die  flow  is  horizontal.  After  a satisfactory  method  of  test 
had  been  established  it  was  used  to  determine  the  height  of  the 
turbulent  zone  above  each  of  a scries  of  models  ranging  from 
simple  rectangular  blocks  to  shapes  representative  of  different 
types  of  superstructures.  The  hull  on  which  these  blocks  were 
mounted  was  a model  to  a scale  of  1/64  of  the  above-water 


stained  black  when  exposed  to  even  small  traces  of  hydrogen 
aulphide  gas,  H,S. 

1.  1.  2.  Range  of  Tests 

The  chemical  reaction  or  H,S  method  was  used  to  trace 
the  turbulence  boundaries  over  a series  of  blocks  representing 
typical  shapes  of  superstructure.  The  main  cause  of  the 
formation  of  the  turbulent  zone  is  the  frontal  obstruction  to 
the  flow  presented  by  the  superstructure,  which,  in  its  simplest 
form,  is  a rectangular,  sharp  edged  structure  with  its  forward 


bull  of  the  auaa-channd  ship  A (aee  Fig  1),  which  was 
adopted  as  the  standard  ship  for  this  research  because  it  was 
the  one  made  available  for  the  first  of  the  model-full-scale 
comparisons  mentioned  above  and  detcribed  in  Part  11. 

1.  I.  1.  Methods  of  Test 

The  method  uaed  in  moat  previous  investigations  of  this 
fc«««d  has  been  to  introduce  smoke  somewhere  within  the 
turbulent  zone  or  upstream  of  it,  and  to  attempt  to  define  the 
limits  of  the  zone  by  visual  observation  or  by  photography  of 
the  subsequent  behaviour  of  the  smoke.  It  was  found  impossible 
to  obtain  consistent  results  by  this  method,  and  other  methods 
were  therefore  sought;  two  of  these  are  described  in  Appendix 

2.  In  the  first,  trails  of  hot  air  behind  fine,  electrically  heated 
wires  supported  in  the  air  stream  are  made  visible  by  appro- 
priate illumination,  and  their  appeuanoe  indicates  whether  or 
not  the  wires  from  which  the;  spring  are  situated  in  smooth 
or  turbulent  flow.  This  method  trill  be  referred  to  as  the 
“shadowgraph”  method.  The  seoond  method,  called  the 
“chemical  reaction”  method,  proved  mote  convenient;  it  makes 
urn  of  the  property  whereby  white  had  acetate  paint  h rapidly 


face  rising  vertically  from  the  deck.  A simple,  rectangular 
block  wu  therefore  taken  as  the  basic  form  of  superstructure; 
and,  first  of  all,  the  relation  between  the  height  of  the 
turbulence  boundary  and  changes  in  length  and  height  of  the 
block  were  determined.  The  third  variable,  i.e.  breadth,  was 
taken  into  account  by  expressing  all  dimensions,  including  the 
height  of  the  turbulence  boundary,  in  terms  of  the  breadth 
which,  for  convenience,  was  kept  constant.  Then  the  effects 
of  various  modifications  were  examined,  namely  rounding  of 
the  forward  face  in  plan  and  in  elevation,  both  separately  and 
together,  sloping  and  sttpped-bsck  fronts,  and  additions  repre- 
senting bridges  and  wheel  bo  uses  of  different  forms. 

In  all  these  tests,  the  appropriate  blocks  were  substituted 
for  the  whole  of  the  superstructure  of  the  model  above  the 
flat  deck  denoted  by  A-A  in  Fig.  1. 

/.  /.  3.  Results 

AU  the  tests  carried  out  with  the  blocks  on  the  model 
bull  are  recorded  in  Table  I,  which  shows  the  various 
combinations  and  modifications  tested,  together  with  the 
maximum  height  A of  the  turbulence  boundary  observed  in 
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T*au  I 

Nmu:  AD  dimension*  in  terms  of  bssin  A(«  10). 

• Measured  from  top  edge  of  plate.  All  tests  at  zero  yaw  except  19 — 99  (ice  page  115). 


Tot  number 

a 

t 

h 

Superstructure  fora 

1 

0-4 

0 

0-49* 

Vertical  plate 

2 

0-2 

04 

0-35 

3 

0-4 

0-4 

0-44 

mmm 

4 

0-6 

04 

0-47 

3 

o-s 

0-4 

0-49 

6 

0* 

1-0 

0-32 

7 

0-4 

1-0 

0-30 

S 

0-6 

1-0 

0-40 

9 

OS 

1-0 

0-48 

10 

0-2 

1-8 

0-37 

11 

0-4 

IS 

0-38 

Rectangular  block,  wi 

to  75 

12 

0-4 

1-S 

0-43 

tfa  dimensions  of  hull  used  in  tests 

ind  N in  107 

13 

OS 

18 

0-49 

14 

0-4 

1-8 

0-32 

ri-0-2 
(edge  radius) 

13 

0-4 

IS 

0-38 

16 

0-8 

1-S 

0-SS 

17 

<►4 

1-S 

0-38 

ri— 0-1 
(edge  radius) 

IS 

0-4 

IS 

0-43 

rj—l-0 
(fun  radius) 

l PLAN 

19 

0-4 

0 

0-34* 

"1  Curved  plate 

20 

0-4 

0-4 

049 

r, -0-725 
(Ml  radius) 

21 

0-4 

1-0 

040 

u - * 

22 

0-2 

1-S 

0-30 

■ocfc  rectangular 
in  elevation 
and  rounded  in  plan 

23 

0-4 

1-S 

0-41 

24 

0-4 

1-S 

043 

23 

O-S 

IS 

043 

24 

tM 

1-S 

0-34 

ri— 0-5 

CM  radius) 

Air 

27 

0-4 

1-S 

0-12 

r»-04 

21 

O-S 

1-S 

0-13 

rj— 0-a 

29 

0-2 

1-S 

0-14 

rj— 0-2 

30 

0-4 

04 

0-44 

31 

0-4 

1-S 

0-37 

u 

32 

0-4 

0-4 

0-34 

33 

04 

1-0 

0-23 

34 

04 

1-S 

0-14 

S3 

O-S 

IS 

0-37 

34 

0-2 

1-S 

0-20 

— 

37 

04 

IS 

040 

S3 

0-8 

1-S 

0-34 

Tat  number 
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each  cue.  The  dimemione  a,  b and  c (see  first  sketch  in  Table 
I)  denote  respectively  the  height,  breadth  and  length  of  the 
block,  alt  expressed  in  terms  of  the  breadth  b,  which  was  the 
same  for  all  of  diem  and  equal  to  the  beam  of  the  hull  (lOin.  on 
the  wind  tunnel  model).  Thus,  for  all  die  tests,  b - 1.  It 
should  be  noted  that  A in  the  tables  is  measured  above  the 
uppermost  block  surface,  i-e.  above  the  deckhouse  top  in 
those  models  where  there  was  a deckhouse  on  the  superstructure 
(Tests  63  to  71). 

For  each  combination  tested,  a complete  plot  of  the  turbu- 
lence boundary  was  made,  extending  over  the  full  length  of 
the  ship  aft  of  the  forward  face  of  the  superstructure  block. 
In  most  instances,  the  m»»iminn  height  A of  the  turbulence 
boundary,  which  is  recorded  in  the  tables,  was  well  forward 
of  the  stem.  Typical  plots  of  the  observed  turbulence  boun- 
daries ate  given  in  Figs.  2 to  6. 

1.  1.  4.  Discussion  of  Results 

The  results  show  a number  of  features  of  some  interest. 

(a)  Rounded  Fronts 

Considerable  improvement  (lowering  of  the  turbulenoe 
boundary)  can  be  obtained  by  rounding  the  sharp  edges 
of  the  superstructure,  particularly  in  elevation  (Figs.  2 and  3) 
even  when  the  radius  is  only  one-eighth  of  the  superstructure 
height  (Test  37).  The  effect  of  rounding  in  plan  (Fig.  4) 
Is  also  appreciable,  provided  that  the  whole  from  is  rounded 
(compare  Tests  11,  IS,  23  and  26)  and  not  only  the  sharp, 
vertical  edges  (Tests  11,  14  and  17). 

(A)  Sloping  or  Stcpped-back  Fronts 

Sloping  or  stepped -back  fronts  produce  an  appreciable 
improvement  if  the  angle  of  slope  or  step-bode*  is  less  than 
40  degrees  to  the  horizontal  (Tests  42-56). 

Figs.  5 and  6 show  the  turbulenoe  boundaries  obtained  at 
dopes  at  60  degrees  and  30  degrees  respectively.  The 
apparently  anomalous  behaviour  of  the  boundary  for  Test  51, 
in  which  the  length  of  the  superstructure  was  very  short,  is  an 
of  the  effect  discussed  in  the  next  paragaph. 

(c)  Effect  of  Length  of  Superstructure 

The  advantage  of  fronts  adequately  rounded  in  deration 
or  eloped  or  stepped-back  tends  to  be  lost  if  the  length  of 
dm  superstructure  is  lets  than  the  ben  b.  The  turbulence 
boundary  then  rises  steeply  umfl  it  is  at  high  at,  or  even 
higher  than,  that  whh  the  sharp  edged,  vertical  front  (see 
Fig.  2 and  6,  and  the  values  of  A in  the  tables  for  Tests  30, 
32,  33  and  34).  Hue  edict  is  also  ssen  in  the  ranihs  for 
superstructures  (Fig.  7),  particularly  the  lower 


Ho.  7 — Vdseet  of  h far  Rot  fronted  superstnettmes 


•The  dneches  for  Teen  42-54 
fos  a^fe  af  dbpa  # ie  drifeed. 


103-107  fo  TaMt  I shew  haw 


ones;  and  in  Tests  68  and  69,  and  70  and  71,  where  a set -beck 
deckhouse  of  given  length  produces  a lower  boundary  when 
it  is  farther  back  than  when  it  is  well  forward. 

These  results  suggest  that,  if  the  disturbance  produced  by 
the  superstructure  is  not  too  great,  as  with  a low  superstructure 
or  one  with  ■ well  rounded  or  stepped  front,  conditions  can  be 
greatly  improved  by  arranging  for  there  to  be  no  space  dose 
behind  the  disturbing  edge  in  which  large  eddies  can  form. 
One  way  of  ensuring  this  is  to  have  • sufficiently  long  super- 
structure (length  at  least  equal  to  its  beam).  But  if  the 
initial  disturbance  is  too  great,  filling  in  the  space  in  this 
wsy  produces  no  improvement. 

(</)  Effect  of  Forecastle  Deck 

An  example  of  the  tame  effect  is  shown  by  Tests  81-88 
on  the  influence  of  the  forecastle  deck,  the  length  of  which, 
in  successive  tests,  was  increased  until  it  reached  the 
bridge.  One  would  have  expected  a gradual  fall  in  the 
height  of  the  turbulent  zone  with  this  change,  culminating  in 
a value  the  same  as  for  a bridge  front  of  height  equal  to  the 
difference  in  deck  levels.  Instead,  the  height  of  the  zone  fell 
to  a minimum  much  below  this  value,  when  the  intervening 
well  deck  length  was  about  0 5 (Fig.  8).  The  same  trend  was 
observed  both  with  square  and  rounded  bridge  fronts. 


The  explanation  of  this  unexpected  effect  is  that,  as  with 
the  short  superstructure  followed  by  a step-down,  so  with  the 
abort  forecastle  deck  followed  by  the  well  deck,  foe  disturbance 
produoed  in  foe  air  flow  is  greater  than  with  a longer  struc- 
ture. Thus  it  happens  that,  over  a range  of  lengths  of  fore- 
eattlc  deck,  foe  turbulenoe  boundary  due  to  the  air  meeting  foe 
forecastle  itself  is  higher  than  it  is  when  foe  forecastle  deck 
is  longer  and  foe  well  deck  correspondingly  shorter.  The 
higher  turbulenoe  boundary  may  paw  right  over  foe  super- 
structure, but  in  any  case  wfll  taduoe  foe  effective  bright  It 
presents  to  foe  full  air  strewn;  and  so,  for  certain  combinations, 
foe  turbulenoe  boundary  above  foe  superstructure  will  be  lower 
than  whan  there  it  no  well  deck. 

(«)  Miscetteneous  Tests 

A number  of  afeoeUaneous  additions  (Twts  57-79)  to  foe 
baric  blocks  were  tested  to  examine  foe  Acts  of  “Hep-down" 
wid  of  mpemructures  not  of  constant  width.  In  addition, 
foe  rifset  of  riwar  and  buhmria  waa  htrsadgawd  (Tsais  76-30). 
The  bulwark  aa  fltwd  to  foe  awndard  foip  (see  first  dutch  in 
TUble  I)  twmlnawd  writ  forward  at  foe  bridge  front  and 
produced  a naglfcMe  affact  (convert  Tww  23  and  76). 
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If)  Effect  of  Yam 

A few  tests  were  done  at  an  angle  of  yaw  of  20  degrees 
(Teats  89-99)  and  also  at  10  degrees.  These  showed  that  in 
general  the  maximum  heights  of  the  turbulent  zone  were  no 
greater  than  they  were  in  a head  wind,  exoept  for  the  lowest 
superstructures  which  would  not,  in  any  case,  be  likely  to 
cause  smoke  trouble. 

/.  2.  ESTIMATION  OP  HEIGHT  OF  BOUNDARY  OF  TURBULENT  ZONE 

/.  2.  I.  Application  of  Test  Results 

The  remits  obtained  from  these  tests  may  be  used  to 
predict  the  height  of  the  turbulence  boundary  from  the 
geometry  of  the  superstructure.  To  simplify  the  procedure  as 
much  as  possible,  the  data  have  ben  generalized,  in  some 
cases  perhaps  more  than  is  strictly  justified.  But  many  more 
experiments  would  be  needed  to  provide  design  rules  free  from 
this  admitted  fault.  And  it  can  be  said  that,  as  regards  the 
more  important  effects,  the  rules  have  been  framed  by  using 
tome  of  the  data  only,  and  have  been  tested  by  using  them 
to  predict  some  of  the  other  observed  results.  This  will  be 
made  dear  in  the  following  notes,  and  it  will  be  seen  that 
the  agreement  is  usually  dose  enough  for  practical  purposes. 

1.  2.  2.  Determination  of  Effective  Dock  Height 
(a)  Effect  of  Forecastle,  Bulwarks  mad  Sheer 

The  first  step  in  estimating  die  aone  height  from  the 
drawings  of  a ship  is  to  determine  the  level  above  which 
the  height  a of  the  superstructure  is  to  be  measured.  If  there 
is  no  Acer  of  the  deck  forward  of  the  superstructure  and  no 
forecastle  deck,  a is  measured  above  deck  level;  but  if  there 
is  sheer  or  a forecastle,  a must  be  measured  bum  some  level 
above  deck  level  since  the  superstructure  front  is  then  partly 

-a^«_t  j 

unci  aco. 

A comparison  hetwem  the  results  of  aome  preliminary 
teats  with  the  blocks  on  the  tunnel  floor  and  those  on  the 
mtwn  mm  •dowco  am  «k  form  or  me  dowi  Tnrnif  ire* 
had  little  affect  on  the  height  of  the  turbulence  boundary; 
this  was  confirmed  by  Tan  80  with  bows  of  exaggerated 
Muffins  rounded  to  a radius  of  0-5  b.  It  is  unlfluty,  there- 
fore, that  the  results  obtained  for  different  arrangements  of 
aha*,  bulwarks,  fatecaade  and  length  of  well  dock  (Teats  79> 
•Q  with  tike  hull  form  selected  for  this  imntianion  will  be 
msrhrrlly  different  for  other  hulls.  The  effect  of  bulwarks 
mK  (m  Kf  atslictcd.  it  ilmdv  notM 

The  offset  of  length  of  fosoenstk  and  well  dack  on  be 
deduced  from  Pig  t,  but  the  raeults  indicate  that  a simpir 
working  formula,  easy  to  apply,  will  give  all  the  accuracy 
taguhed,  and  that  it  can  be  mad  as  well  to  allow  for  the  affect 
of  sheer.  If  it  ia  amumni  that  the  aMdiHng  due  to  star 
or  fosuemde  rakes  the  affective  beer  of  the  superstructure 
to  a height  a.  above  dack  level  (ese  Fm.  9(a)  and  9(b)), 
a,  am  be  calculated  from  the  following  formufae: — 


(i)  When  c,  is  leas  than  125 

0,-0, 

(ii)  When  c,  is  greater  than  125 

«.  ■ *«. 

When  the  forecastle  is  sheered,  a,  should  be  taken  as 
the  average  height  of  the  forecastle  deck. 

Applying  this  rule  to  calculate  the  effect  of  the  exaggerated 
sheer  examined  in  Test  79,  in  which  the  deck  rose  at  the 
bow  to  the  same  level  as  the  superstructure,  it  is  found  that 
the  observed  value  of  h should  be  the  same  as  that  for  the 
superstructure  of  the  same  shape  but  half  the  height,  i.e.  Test  22. 
The  values  of  h observed  were  0 30  for  Test  22  and  0 27 
for  Test  79,  so  that  the  rule  seems  satisfactory. 

< [b ) Effect  of  Deckhouse 

The  tests  with  deckhouses  of  various  widths  and  flush  with 
the  bridge  from  (Tests  62  and  65-67)  indicate  that  the  struc- 
ture can  be  represented  with  sufficient  accuracy  by  taking  an 
effective  height 

a'  ■ a + o,6„ 

where  a,  is  the  height  of  the  deckhouse  above  the  superstructure 
of  full  width,  and  then  finding  the  zone  height  h from  the 
curves  for  • full-width  superstructure  of  height  a and  a 
skiulsr  form  in  other  respects.  It  is  important  to  note  that 
the  datum  from  which  k » measured  when  using  this  formula 
is  the  top  of  this  imaginary  superstructure  of  height  a. 

When  the  whedbouie  is  ret  back  at  an  angle  less  than 
60  degrees  to  the  horizontal,  it  becomes  enveloped  within  the 
turbulent  zone,  and  so  ceases  to  influence  the  zone  height 
appreciably 

Various  forms  of  superstructure  fronts  with  and  without 
bridge  wings  were  tested  (Tests  72-75).  The  results  show 
that  the  effective  height  a of  the  superstructure  for  such  cases 
can  be  obtained  sufficiently  accurately  by  taking  a as  the  height 
up  to  which  the  superstructure  is  of  full  width  b (neglecting 
any  wing  projections  beyond  this  width),  and  then  applying 
the  formula 

o'  ■ a + a,b, 

previously  quoted  to  allow  for  portions  of  less  than  full  width 
above  this. 

I.  2.  3.  Determination  of  h 

The  preceding  section  shows  bow  the  effective  bright  a 
of  the  superstructure  is  obtained  when  the  real  height  has  to 
be  corrected  for  fronts  not  of  constant  width  (bridges,  deck- 
houses, etc.),  and  the  level  above  which  it  should  be  measured 
to  allow  far  the  effect  of  forecastle  and  sheer.  Frequently 
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these  correction!  will  not  be  necessary,  end  a can  be  taken 
as  the  height  of  the  superstructure  itself  measured  from  deck 
level.  The  value  of  A can  now  be  calculated;  it  will  depend 
mainly  on  five  variables:  rounding  in  plan,  rounding  in 
elevation,  angle  of  slope  or  step-back,  length  of  superstructure, 
and  intermediate  step-down  (see  sketches  for  Tests  57-62  and 
64). 

The  basic  condition  is  taken  as  a flat,  vertical  fronted 
superstructure,  rounded  neither  in  plan  nor  elevation  (Tests 
1-13).  The  height  A of  the  turbulent  zone  measured  above 
the  top  surface  of  this  superstructure  varies  with  the  height  a 
and  also  with  the  length  c of  the  superstructure.  But  as  c 
increases  and  becomes  greater  than  about  I S,  A tends  to 
become  constant  (Fig.  7).  The  basic  condition  in  these  tests 
is  therefore  taken  to  be  a flat  fronted  superstructure  of  the 
greatest  length  tested  in  this  series,  namely  c “ 18.  The 
values  of  A for  this  basic  superstructure  are  shown  in  Fig.  10. 
The  procedure  ir  now  to  correct  this  basic  A,  as  necessary, 
for  each  of  the  five  variables  mentioned  in  the  preceding  para- 
graph. 

(1)  Effect  of  Rounding  in  Plan  (Tests  14-26) 

Since  an  edge  radius  has  little  effect,  only  rounding 
extending  over  the  full  front  is  considered.  Each  value  of  A 
observed  in  the  relevant  tests  (Nos.  18-26)  hat  been  divided 
by  the  corresponding  value  of  A (Nos.  10-13)  for  the  sharp 
edged  superstructure  of  the  same  , height  to  give  a factor  /*■,. 
Thus  for  Test  24,  for  example, 

i'1  “ 0 65  “ 0 66 

Fig.  11  has  been  derived  from  the  data  in  this  way;  it 
shows  the  values  of  /-■  for  different  superstructure  heights  and 
for  various  values  of  l/r„  where  r,  is  the  radius  of  the  rounded 
front  It  can  be  used  to  estimate  the  height  of  the  turbuknoe 
zone  for  any  height  of  superstructure,  by  interpolation  if 
necessary,  and  for  any  degree  of  rounding  itr  {dan,  within  a 
range  that  will  cover  most  existing  ships. 

Thus,  for  a superstructure  of  height  0 33,  for  example, 
and  length  T8,  with  a from  curved  in  plan  to  a radius  0 8 

times  the  beam,  1/r,  125;  and  from  Fig.  11  the 

value  of  f'i  is  0-68.  From  Fig.  10,  A for  the  corresponding 
flat  fronted  superstructure  is  0 35. 

Hence,  for  the  rounded  superstructure 
A - 0-68  x 0 55  - 0-37 

Although  Fig.  11  has  been  derived  for  a superstructure 
length  c of  1*8,  it  can  probably  be  used,  within  reason,  for 


different  values  of  c.  Thus,  applying  the  above  procedure  to 
the  conditions  for  Tests  20  and  21,  in  which  c »0  4 and  TO 
respectively,  calculated  values  are  obtained  for  A of  0 45  and 
0-35  as  against  observed  values  of  0-49  and  0 40.  This  agree- 
ment is  well  within  practical  requirements. 

(2)  Effect  of  Rounding  in  Elevation  (Tests  27-38) 

For  any  generalization  of  this  effect  to  be  possible,  it 
appears  reasonable  to  assume  that  the  ratio  of  the  radius  of 
rounding  to  the  superstructure  height  (r,/a),  rather  than  the 
radius  r,  alone,  is  the  governing  factor.  On  this  assumption. 
Fig.  12  has  been  derived  from  the  results,  showing  the  factor 
It,  by  which  the  value  of  A for  a flat  fronted  superstructure 
must  be  multiplied  to  calculate  A for  the  corresponding  super- 
structure rounded  in  elevation.  This  curve,  which  was  derived 
for  a superstructure  length  of  c of  T8,  cannot  be  used  for  short 
superstructures  because  of  the  effect  already  noted  in 
| /.  /.  4(d).  The  effect  OF  length  for  superstructures  rounded 
in  elevation  is  discussed  in  f l.  2.  S(S). 

(3)  Combined  Effect  of  Rounding  in  Plan  and  Elevation  (Tests 

Jfl-41) 

For  a super  structure  of  reasonable  length,  rounded  both 
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in  plan  (r,)  and  elevation  (r,),  the  value  of  A can  be  obtained 
by  multiplying  the  basic  A in  turn  by  factors  ft,  and  ft, 
obtained  from  Figs.  11  and  12. 

(4)  Stepped-back  or  Sloping  Superstructure  (Tests  42-56) 

The  results  show  that  A for  a sloping-back  front  does  not 
differ  much  from  that  for  a stepped -back  front  of  the  same 
angle  of  slope  (0),  defined  as  the  angle  to  the  horizontal  of 
the  line  ioining  the  extreme  edge  of  the  steps  in  tide  view. 
A factor  ft  has  been  derived  from  the  data,  which  it  applied 
in  the  same  way  as  the  factors  ft,  and  ft,  to  the  basic  value 
of  A to  obtain  the  effect  of  slope.  A curve  of  ft  is  plotted 
in  Fig.  13  on  a base  of  6.  This  curve  was  derived  from  the 
data  for  one  height  of  superstructure  only,  namely  a • 0 4. 
The  supplementary  tests  afterwards  made  (103,  104,  106  and 
107)  provided  data  for  other  superstructure  heights,  which 
were  found  to  be  in  reasonably  good  agreement  with  values 
of  A obtained  by  multiplying  the  appropriate  basic  A by 
factors  ft  obtained  from  Fig.  13,  and  also  where  necessary, 
by  ft,  obtained  from  Fig.  11. 


FlG.  14 — Effect  of  length  of  superstructure  and  radius  r. 


Tests  42  and  43  show  that  the  effect  of  rounding  sloped 
or  stepped -back  fronts  in  elevation  is  considerably  lass  than 
for  a vertical  front.  It  is  therefore  suggested  that  the  allowance 


* 

F».  IS— Typical  curves  far  intermediate  step  damn 


for  rounding  in  elevation  should  be  made  only  for  fronts 
sloping  at  more  than  60  degrees  to  the  horizontal. 

(J)  Effect  of  Superstructure  Length 

Fig.  14,  which  has  been  derived  from  the  results  of  Tests 
1,  3,  7,  11,  27,  30,  32,  33,  34  and  37,  shows  values  of  a length 
factor  ft  tor  superstructures  of  various  lengths  c and  degrees 
of  rounding  r,/a.  Only  the  results  for  a height  a ~ 0 4 
were  used  in  deriving  this  diagram,  but,  applying  the  factors 
there  given  to  the  conditions  of  Tests  28  and  29,  in  which  a 
was  0 8 and  0 2 respectively,  calculated  values  of  A of  0 12 
and  0 07  are  obtained  as  compared  with  the  measured  values  of 
015  and  014.  The  agreement  is  good  enough  for  practical 
purposes. 

It  should  be  noted  that  the  factor  ft  includes  the  allowance 
for  rounding  in  elevation.  Therefore,  when  it  is  necessary  to 
use  this  factor,  no  separate  allowance  (factor  ft,)  should  be 
made  for  rounding  in  elevation. 

(6)  Effect  of  Intermediate  Step-down  (Tests  57-62) 

The  results  are  not  sufficiently  numerous  to  define  this 
effect  with  certainty,  but  Fig.  15,  which  relates  to  a super- 
structure height  of  0-4,  can  be  used  as  a guide.  The  effect 
is  significant  only  for  superstructures  rounded  in  eleva- 
tion. For  such  superstructures,  and  probably  also  for  well- 
sloped  or  stepped -httk  fronts,  it  is  clear  that  an  appreciable 
intermediate  step-down  will  destroy  much  of  the  improvement 
due  to  rounding  or  slope. 

1.  2.  4.  Application  of  the  Method  to  Actual  Ships 

As  examples  of  the  application  of  the  method  of 
estimating  the  height  of  the  turbulence  boundary,  calculations 
have  been  made  of  the  heights  of  the  boundary  for  the  three 
ships  A,  B and  C which  were  used  for  the  full-scale-model 
comparisons  previously  mentioned  and  described  in  Part  II. 
For  each  of  these  ships,  the  actual  height  of  the  turbulence 
boundary  was  also  determined  by  model  tests,  using  the  H.  S 
method,  so  that  three  direct  checks  of  the  method  have  been 
obtained.  The  calculated  heights  are  compared  with  the 
observed  turbulence  boundaries  for  the  three  ships  in  Figs.  1, 
16(a)  and  16(b),  and  it  will  be  seen  that  in  each  case  remark- 
ably good  agreement  was  obtained.  In  all  three  cases  the 
difference  between  estimated  and  observed  height  was  within  3ft. 
full  scale. 

It  should  be  noted  that  the  method  of  calculation  makes 
no  allowance  for  the  effect  of  the  funnel  on  the  height  of  the 
turbulence  boundary.  As  shown  by  the  work  described  in 
Part  II,  ffijs  is  local  and  very  small.  But  in  order  to  make  a 
true  comparison  between  the  results  of  the  calculations  and  the 
observations,  the  funnels  were  removed  from  the  three  ship 
models  when  the  heights  of  the  turbulence  boundaries  were 
being  measured  in  the  wind  tunnel. 

The  dimensions  required  for  applying  the  method  were 
scaled  from  drawings  of  the  three  ships.  Details  of  the  calcula- 
tions for  Ship  A are  as  follows : — 

The  breadth  of  the  superstructure,  which  increased  slightly 
for  some  distance  aft,  is  taken  as  the  breadth  at  the  front 
face.  The  various  dimensions,  in  terms  of  the  symbols  shown 
in  Fig.  17,  are  as  follows:  — 
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a ■ height  of  superstructure  of  full  width  * 0 54. 

« - 0103, 

« - 014, 

6,  - 0-43, 

C.-0-7 

In  the  same  notation 
b - 1-0 

(1)  Determination  of  the  Effective  Height  a of  the  Super - 
structure 

(i)  Allowance  tor  forecastle  and  sheer. 

Since  ct  is  less  than  125 
a,  « a,  - 014 

(h)  Allowance  for  wheel  house,  which  is  flush  with 
front  of  superstructure. 
et  m a - a,  + a,b, 

- 0-54  - 0 14  + 0 103  x 0-43 
-0-44 

(2)  Allowance  for  Rounding  in  Plan 

r,  (measured  on  drawing)  * 11, 
ie.  1/r,  “ 0-9 

and  fr,  « O S from  Fig.  11 

(3)  Allowance  for  Rounding  in  Elevation 

None. 

(4)  Allowance  for  Stepped-back  Front 

The  angle  6 measured  from  the  drawing  is  about  60 

ft  ~ 0-92  from  Fig.  13. 

(5)  Allowance  for  Length  of  Superstructure 

The  length  of  the  superstructure  it  somewhat  uncertain 
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because  of  variations  of  height,  but  h it  at  least  I S; 

/,  “10  from  Fig  14. 

(6)  Determination  of  h 

tt  “ ikuh  x fr i * /*  * ft 

From  Fig.  10  it  is  found  that  for  a « 0 44, 

“ O'® 

Hence  h ■ 0 6 x 0 8 x 0-92  x 10 
“ 0 44 

This  is  measured  from  the  top  of  the  imaginary  super- 
structure of  height  a.  This  imaginary  superstructure  is  lower 
than  the  actual  superstructure  (which  is  assumed  to  extend  to 
the  wheelhouae  top)  by  the  amount  a,  - a,b,,  i.e.  0 06. 

Hence  h measured  above  wheelbouse  top 
- 0 44  - 0 06 
“ 0-38 

This  height  is  shown  by  the  dotted  line  in  Fig.  1 in 
comparison  with  the  line. 

1.  3.  CONCLUSIONS  TO  BE  DRAWN  FROM  PART  I 

A method  has  been  developed  for  estimating,  from 
drawings  of  the  ship,  the  height  of  the  turbulence  boundary. 
The  method  is  based  on  the  use  of  simple  formulae  and 
diagrams;  and  comparisons  with  observations  on  three  different 
ships  have  shown  that  it  enables  accurate  predictions  to  be 
made  of  the  height  of  the  turbulence  boundary. 

The  height  of  the  boundary  can  be  considerably  reduced 
by  suitable  rounding  of  the  edges  of  the  superstructure,  par- 
ticularly in  deration. 

Superstructures  of  length  less  than  their  breadth  give  rise 
to  higher  turbulence  boundaries  than  longer  superstructures, 
and  die  beneficial  effect  of  rounding  the  edges  is  lost  if  the 
superstructure  is  too  short. 


Part  II— Comparison  Between  Model  and  Full-scale  Observations  of  the 
Height  of  the  Turbulence  Boundary 


The  seasons  for  making  full-scale  checks  of  the  wind 
results  have  already  been  explained  in  the  introduction 
to  the  paper.  Three  ships  were  selected  for  the  purpose;  the 
amdary  for  each  was  traced  by  the  H,S 
on  a model  in  the  wind  tunnel,  and  the  heights  of 
tushulenoe  boundaries  an  the  ships  themselves  were 
at  twopoints  for  Ships  A and  B and  at  one 
point  for  Ship  G The  choke  of  the  ships  was  governed 
by  stair  availability  far  abort  voyages,  since  the  observations, 
technique  tad  been  Betahtishrd,  did  not  take  long 
me;  and  by  tfarir  suitability  for  carrying  the  equip- 
tta  main  raquirann  being  two  masts  of  adequate 
A,  on  which  the  technique  was  developed,  was 
a croaa  rtannrl  ship  and  as  such  was  admirably  suited  to  the 
gnnrr"—  Although,  as  is  shown  below,  the  model  and  full- 
•cafe  results  on  this  ship  agreed  ctoedy,  it  was  thought  desirable 
fo  cany  out  a second  check  on  another  ship,  Ship  B,  for  which 
equally  good  agreement  was  found. 

Both  these  ships,  however,  tad  more  or  late  bluff,  sharp 
edged  superstructures;  and  garni  hydrodynamic  experioice 
imfrrn—  that  if  there  is  any  Reynolda-number  effect  whereby 
end  full-scale  flow  patterns  differ,  it  is  more  likely  to  be 
found  far  rounded  than  in  sharp  edged  forms.  A third  model- 
fuD-aeale  was  therefore  made,  this  time  with  a 

modem,  “streamlined"  ship  (Q  having  a superstructure 
both  in  plan  and  elevation.  Unfortunately,  the 
choice  of  a such  a ship  was  restricted  for  various  reasons,  one 
tafag  the  pweent  tread  to  have  one  mast  only  It  eventually 
to  use  a single  tnasesd  ship,  and  therefore,  for 
shortly  be  apparent,  the  height  of  the  turbu- 
oonld  be  otauvod  only  at  one  point  on  the 


2.  1.  METHOD  OF  RXFERIMENT 
Initial  attempts  to  use  streamers  were  not  entirely  satisfac- 
tory, and,  with  the  help  of  die  Chemical  Defence  Experimental 
Establishment  (GD.E.E.),  Ministry  of  Supply,  a successful 
method  depending  on  the  use  of  smoke  was  devised.  A small 
smoke  generator  which  emits  ■ jet  of  dense  orange  smoke  for 
about  three  minutes  was  developed  by  CP.E.R,  and  proved 
entirely  satisfactory.  For  observations  an  the  ship  at  sea,  a 
number,  usually  six,  of  these  generators,  spaced  four  or  five 
feet  apart,  were  fixed  on  a cable  which  was  suspended  from 
a yard  attached  to  the  mast  on  Ship  A,  and  from  an  overhead 
came  stretched  between  the  mastheads  on  Ship  B and  the 
single  matt  and  two  kingposts  on  Ship  G Two  vertical  lines 
of  generators  were  used  on  Ships  A and  B and  one  on  Ship  G 
Each  generator  consisted  of  the  pyrotechnic  mixture  developed 
by  GD.E.E.,  enclosed,  with  an  igniter,  in  an  ordinary  tin  can 
of  about  2ia  diameter  and  4in.  height.  The  igniters  were 
electrically  actuated  from  a 6-volt  dry  battery. 

Before  each  experiment,  the  ship  was  headed  into  wind; 
the  anoke  generators  were  then  ignited,  and  visual  and 
cinematograph  observations  were  made  of  the  smoke  tnfis  from 
the  six  generators.  In  the  undisturbed  flow,  these  trails  per- 
sisted as  comparatively  steady  jets  for  some  6— 10ft.  down 
stream;  but  the  trails  from  the  generators  in  the  turbulent  lone 
were  less  steady,  the  degree  of  unsteadiness  increasing 
ly  the  lower  the  height  of  the  generator.  The 
length  also  decreased  as  the  unsteadiness  increased. 
Sinoe  the  sole  purpose  of  this  investigation  was  to  com- 
pare model  and  full -scale  results,  the  experiments  were  done 
for  one  rektive-wind  direction  only,  noroe 
this  was  the  easiest  so  set  an  the  full 
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2.  2.  TESTS  ON  SHIP  A 
2.  2.  I.  Results  of  Tests 

Typical  sets  of  cinematograph  records  at  the  foremast  of 
Ship  A are  shown  in  Figs.  18(a)  and  18(b).  Since  it  was 
not  possible  to  find  a position  on  the  ship  from  which  to 
photograph  the  smoke  trails  from  all  the  smoke  generators 
simultaneously,  the  upper  and  lower  trails  were  photographed 
separately.  They  can  be  identified  if  it  is  remembered  that 
No.  2,  the  second  from  the  top,  appears  in  Fig.  18  to  be 
at  the  level  of  the  upper  triangular  bracing  of  the  mast.  There 
were  six  generators  at  heights  of  31,  28,  24,  20,  16  and  12ft. 
above  the  foot  of  the  foremast,  and  six  also  abreast  of  the 
mainmast  at  heights  of  28,  24,  20,  16,  12  and  8ft. 

The  two  highest  trails  at  the  foremast  showed  that  the 
flow  at  31ft.  and  28ft.  was  steady,  and  the  two  lowest  that 
at  16ft.  and  12ft.  turbulence  was  strongly  developed,  with 
frequent  reversals  in  direction  at  12ft.  and  some  at  16ft.  There 
was  occasional  disturbance  of  the  third  trail  at  24ft.  and 


at  the  mainmast  experienced  some  disturbance  for  20  or  30  per 
cent  of  the  time,  unsteadiness  did  not  begin  to  develop  to 
any  appreciable  extent  above  the  level  of  No.  3,  and  was 
predominant  at  the  heights  of  the  two  lowest  trails.  From 
the  observed  fact  that  smoke  would  be  sucked  down  from 
the  level  of  about  generator  No.  4 on  the  foremast,  where  the 
percentage  of  U -disturbances  was  6,  it  would  seem  that  the 
corresponding  position  at  the  mainmast  would  be  about 
generator  No.  3 (20ft.  above  the  foot  of  the  mast)  where  the 
U-percentage  was  8.  It  should  be  noted,  however,  that  since 
the  mainmast  is  much  nearer  the  stern,  it  does  not  necessarily 
follow  that  smoke  would  descend  to  deck  level  within  the 
length  of  the  ship  aft  of  the  mast. 

2.  2.  2.  Comparison  with  Wind  Tunnel  Results 

Fig.  20  shows  the  heights  of  the  turbulence  boundary  on 
a model  of  Ship  A,  determined  by  the  two  methods  described 
in  Appendix  2.  Three  shadowgraph  boundaries  (full  lines) 


Tabu  II — Analysis  or  Records 


Foremast  | Mainmast 


Trail  1 
number  . 

i 

Number  of 
records  examined 

Percentage  of  total  number  in  category 

Number  of 
records  examined  | 

Percentage  of  total  number  in  category 

s | 

D 

U 

s I 

1 D 

U 

i ! 

IJ5 

100 

0 

0 

551  1 

77 

23 

0 

2 i 

140 

94 

6 

0 

625 

67 

30 

3 

3 | 

710 

79 

21 

0 

688 

51 

41  1 

8 

4 

710 

40 

54 

6 

760 

12 

47 

41 

s ! 

360 

0 

37 

63 

748 

1 

21 

78 

6 1 

361 

0 

4 

96 

543 

0 

18 

82 

distinct  turbulence  at  20ft.  (smoke  generator  No.  4).  Subse- 
quent visual  observations  with  the  generators  2,  3 and  4 only  in 
action  showed  that  smoke  from  No.  4 occasionally  drifted 
forward  to  the  bridge.  It  thus  appears  that  the  effective  height 
of  the  turbulence  boundary  at  the  position  of  the  foremast  is 
at  about  the  level  of  generator  No.  4. 

Some  of  the  results  obtained  at  the  mainmast  are  shown 
in  Figs.  19(a)  and  19(b),  the  former  for  the  three  upper 
generators  separately,  and  the  latter  for  the  three  lower.  It 
was  not  as  easy  as  for  the  foremast  position  to  distinguish 
clear  cut  differences  in  the  behaviour  of  the  three  upper  trails 
from  one  another.  Although  for  most  of  the  time  trails  1 and  2 
were  steady,  as  in  the  upper  frames  of  Fig.  18(a),  there  were 
times  when  even  No.  1 became  somewhat  disturbed,  as  in  rise 
three  lowest  frames. 

A simple  statistical  analysis  was  therefore  undertaken  of 
the  records,  dividing  the  trails  into  three  categories:  S (steady), 
D (occasionally  disturbed),  and  U (unsteady).  For  the  sake 
of  comparison,  a similar  analysis  was  made  of  the  records 
from  the  foremast.  The  results  are  given  in  Table  II. 

This  analysis  shows  that,  although  the  two  upper  trail* 


are  shown  in  Fig.  20,  corresponding  to  the  criteria  indicated 
at  the  left-hand  side  of  the  diagram.  For  practical  purposes, 
it  may  be  said  that  the  second  shadowgraph  line  from  the 
top  represents  the  boundary  at  which  appreciable  turbulence 
begins.  Within  the  zone  between  this  line  and  the  one  above  it, 
the  shadows  of  the  hot-air  trails  are  only  slightly  disturbed  at 
infrequent  intervals  and  not  perceptibly  shortened.  The 
frequency  and  degree  of  disturbance,  however,  increase  some- 
what towards  the  lower  boundary  of  this  zone. 

Except  near  the  forward  edge  of  the  bridge,  the  second 
shadowgraph  line  agrees  well  with  the  upper  cloned  line, 
which  represents  the  height  at  which  turbulence  begins  to 
spread  downwards,  as  indicated  by  the  chemical  reaction 
(H.S)  method.  The  lower  of  the  two  dotted  lines*  marks  th: 
height  above  which  H.S  must  be  introduced  if  it  is  to  be 
kept  dear  of  the  stern  of  the  ship,  any  H.S  introduced  below 
this  line  will  descend  to  deck  level  at  the  stem  (Appendix  2). 

It  is  dear  from  the  wind  tunnel  results  that  the  change 
from  smooth  flow  to  strong  turbulence  takes  place  not  at 

• There  *rc  two  "lower”  Tines  in  Fig.  20,  one  for  the  model  with 
the  funnel  and  one  without. 
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any  sharply  defined  line,  but  over  a transition  zone  of  some 
depth,  which  is  greater  aft  than  forward.  The  results  obtained 
with  the  smoke  generators  show  that  this  is  true  also  for  the 
full-scale  ship. 

The  positions  of  the  six  smoke  generators  are  denoted  in 
Fig.  20  by  the  points  S„  S,  ...  S,  at  each  mast.  At  the 
foremast,  turbulenoe  was  found  to  be  appreciable  on  the  full 
acale  at  about  S„  and  this  comes  well  within  the  transition 
band  as  determined  on  the  model  by  shadowgraph.  It  also 
agrees  satisfactorily  with  the  H>S  results:  as  already  men- 
tioned, smoke  from  generator  S„  20ft.  above  the  foot  of  the 
mast,  could  be  just  detected  by  smell  on  the  bridge  forward 
of  the  mast;  and  comparative  experiments  in  the  wind  tunnel 
with  the  H.S  technique  showed  that  the  smoke  would  bs  carried 
forward  to  the  bridge  when  emitted  from  a point  at  the  foremast 
of  the  model  corresponding  to  a full-scale  height  of  18ft. 
above  the  mast  foot  It  will  also  be  seen  from  Fip.  18  and  20 
that  the  full-scale  results  agree  well  with  the  model  shadow- 
graph results  in  showing  that  at  the  foremast  there  was  prac- 
tically no  turbulence  at  S,  and  S„  that  S,  was  occasionally  dis- 
turbed, and  that  turbulence  was  pronounced  at  S,  and  S„ 

This  agreement  between  model  and  full-scale  is  equally 
good  for  the  results  at  the  mainmast. 


Part  III — Preventing  the  Ejection  of 

As  already  remarked  in  the  introduction,  nuts  erected 
from  the  funnel  must  eventually  fall  to  deck  level;  and  whether 
or  not  they  will  fall  on  to  the  ship  will  depend  on  the 
speed  at  which  they  are  ejected,  the  bright  they  teach  before 
beginning  to  fall,  and  the  speed  and  direction  of  the  relative 
wind.  Higher  funnels  or  increased  efflux  velocities  from  the 
funnnel  uptakes — measures  that  may  cure  the  smoke  problem 
entirely — can  only  be  regarded  as  palliatives  as  regards  smuts. 
They  will  cause  some  improvement  by  increasing  tbe  time 
taken  by  tbe  smuts  to  fall  to  deck  level;  but  they  will  be 
ineffective  in  light  winds  or  at  alow  speeds  of  travel,  or  when 
the  ship  is  at  rest 

It  has  been  suggested  that  if  at  acme  section  of  the  exhaust 
ducting  between  the  boiler  and  the  exit  end  of  the  uptake  a 
length  of  vertical  piping  of  larger  diameter  is  introduced,  in 
Which  the  upward  velocity  of  the  gases  is  low  enough,  the 
■mitt  will  fall  out  of  the  stream  inside  tbe  uptake  and  so 
will  not  he  ejected  at  all.  For  this  suggestion  to  be  effective, 
tbe  upward  velocity  of  the  gases  in  this  section  of  piping  must 
be  leas  than  the  natural  rate  of  fall  of  tbe  smuts  in  sriU  air; 
•bo,  the  section  must  be  long  enough  to  give  tbe  nuts  time 
to  lose  any  excess  velocity  with  which  they  enter  it 

The  practical  implications  of  these  requirements  era  dis- 
cuawd  below. 

3.  I.  DISCUSSION  OP  THE  PRCOLEM 
The  exhaust  pm,  travelling  at  speed  V,  in  the  main 
uptake  (Fig.  22),  enter  the  encloaed  section  where  their  velocity 
drops  to  F,.  ha  Vi  - pV,  and  F,  - gF,  where  F,  is  the 
natural  rate  of  fall  of  the  nuts  in  still  air  (the  terminal 
velocity).  Then  the  upward  velocity  of  the  nuts  in  tbe  main 
uptake  is  F,  (p- 1)  and  in  the  enlarged  aection  F,  (g  - 1).  It 
is  «*■«««<  that  the  velocity  changes  instantaneously  when  the 
gaaes  enter  the  enlarged  section. 
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2.  3.  Tlsrs  WITH  SHIPS  B AND  c 
Figs.  21(a)  and  21(b)  show  the  turbulence  boundaries 
obtained  by  the  H,S  technique  on  models  of  Ships  B and  C, 
together  with  the  positions  of  the  smoke  generators  used  in  tbe 
full-scale  tests.  The  behaviour  of  tbe  smoke  trails  is  also 
noted  on  the  diagrams,  and  it  will  be  seen  that  there  is 
again  good  agreement  between  tbe  height  of  the  turbulenoe 
boundary  (model)  and  that  of  the  smoke  generator  at  which 
turbulence  set  in  on  the  full-scale.  Because  of  tbe  absence 
of  a mainmast,  it  was  not  possible  on  Ship  C to  straddle  tbe 
turbulenoe  boundary  with  the  smoke  generators,  which  were  all 
below  tbe  boundary. 

2.  4.  CONCLUSIONS  DRAWN  PROM  PART  II 
The  type  of  flow  over  a ship  model  as  determined  in  a 
wind  tunnel  agrees  well  with  that  existing  on  the  ship  itself 
in  regard  to  the  wide  transition  zone  over  which  tbe  flow 
changes  from  smooth  to  turbulent,  to  the  heights  of  tbe 
boundaries  of  this  zone  above  the  ship,  and  to  the  limiting 
height  above  which  smoke  must  be  emitted  if  it  is  to  dear  the 
decks.  Tbe  results  of  such  wind  tunnel  experiments  can  there- 
fore be  applied  directly  to  the  design  of  funnels  and  super- 
structures. 


Smuts  by  Reducing  the  Gas  Velocity 

If  the  smuts  are  to  come  to  rest,  F,  must  be  less  than  F„ 
Le.  g must  be  less  than  1.  The  motion  of  tbe  smuts  can  be 
considered  in  two  stages : — 

(i)  Tbe  velocity  of  the  smuts  drops  to  F>. 

(ii)  Tbe  velocity  of  tbe  smuts  drops  from  F,  to  zero. 

In  the  first  stage,  a smut  is  moving  upwards  relatively 
to  the  gases,  and  the  force  on  it  due  to  the  resistance  to  morion 
through  the  gases  is  downwards;  in  tbe  second  stage,  the  smut 
is  moving  more  slowly  than  the  gases  and  the  resistance  acts 
upwards. 

The  following  solutions  have  been  obtained  by  Dr.  J.  E. 
Richards  for  the  equation  of  morioo  for  a smut  in  each  of 
the  two  stages:  — 

Stage  (i)  t 

*"t['  tt-«-'>-'»vW,4+,y] 


® 

Equation  (1)  gives  the  height  A.  necessary  for  the  velocity 
of  the  smut  to  drop  to  the  speed  F,  of  the  gases  in  tbe  enlarged 
section,  and  equation  (2)  the  additional  bright  A,  required  for 
the  particle  to  come  to  rest,  Le.  to  fall  out  of  the  stream.  Tbe 
total  height  of  the  enlarged  section  of  the  uptake-required  is 
therefore  A,  + A,. 

If  the  terminal  velocity  F,  of  the  smuts  is  known, 
aquations  (1)  and  (2)  can  be  used  to  calculate  A,  and  A*  for 
various  values  of  tbe  gw  velocities  F,  and  F„  Le.  for  various 
vahpv  at  p and  g. 

J.  2.  TBRMDtAL  VELOCITY  F,  OP  THE  SMUTS 

The  terminal  velocity  F,  of  the  smuts  from  a certain  ship 
eras  determined  in  two  ways:  firstly  by  calculation  from  the 
tfoes  and  total  weight  of  a large  number  of  smuts  coUected 
from  the  decks,  and  secondly  by  measuring  the  times  of  descent 
of  a number  of  mutt  through  known  bright*.  Details  of 
both  methods  are  given  in  Appendix  J,  front  which  it  will  be 
wen  that  the  most  probable  value  of  F,  was  118ft  per  sec. 
at  atmospheric  temperature.  The  calculations  and  one  set  of 
dropping  tests  both  gave  this  value  independently.  Another 
set  of  dropping  tests  made  under  different  conditions  gw* 
l ift  per  me. 

If  the  temperature  of  the  gww  in  the  uptake  is  MO  dig.  F. 
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Appendix  2 

MITMODS  MID  Of  THE  WIND  TUNNEL  TO  DCTIWUMI  TUB  TOOUUMCI  SOOMMIY 


(«)  Shadowgraph  Method 

Detaib  at  On  pietinuro  war  — embly  ■■— «<  to  generate 
the  trails  of  hot  air  arc  shown  in  Pip.  24.  The  heating  current 
was  supplied  through  the  vertical  metal  supports  to  which  the 
ends  a t the  wiecs  were  soldered,  and  adjusted  until  the  wires 


^owed  in  still  air.  The  whole  assembly  was  mounted  from 
the  root  of  the  wind  tunnel  in  such  a —««»  that  it  could  be 
traversed  vertically  through  a auAcient  height  to  cover  the 
aone  to  be  explored. 

Moving  with  the  assembly,  but  outside  the  tunnel,  was  an 
arc  lamp  from  which  a horizontal  beam  of  light,  shining 
through  s glass  window  let  into  one  side  of  the  tunnel,  cast 
a ride-view  shadow  of  the  assembly  an  to  a sheet  of  white 
paper  pinned  to  the  inside  of  the  opposite  wall.  When  the 
wires  were  in  a region  unaffected  by  the  presence  of  the  model 
in  the  tunnel,  the  trail  of  hot  air  from  each  wire  was  clearly 
visible  as  a dark  “shadow”  on  the  paper,  quite  steady  and 
about  6in.  long.  In  turbulent  flow,  however,  the  shadows 
became  unsteady  and  shorter  to  an  extent  depending  on  the 
amount  of  turbulence  (Fig.  29).  When  the  flow  was  highly 
turbulent,  the  shadows  became  very  short  stumps,  which  were 
violently  agitated  and  sometimes  reversed  their  directions. 


(b)  Chemical  Reaction  or  HJS  Method 

This  method  can  be  used  in  two  ways.  In  the  first,  the 
after  part  of  the  deck  of  the  model  is  pointed  with  lead 
acetate  paint,  and  HJS  from  a Kipp’s  apparatus  outside  the 
tunnel  is  introduced  through  a fine  tube  of  1/32-in.  bore,  which 
projects  vertically  downwards  through  the  roof  of  the  tunnel 
into  the  air  stream,  the  last  inch  being  bent  horizontal  and 
pointing  downstream.  Starting  well  above  the  turbulent  zone, 
the  tube  is  lowered  in  stages  until  the  first  signs  of  hlarloming 
are  observed  at  the  stern  of  the  model.  The  height  of  the 
point  of  cmhsioa  of  the  ff*S  is  measured,  and  this  gives  a 
point  on  the  lower  dotted  line  in  Fig.  20.  Turbulence  at  the 
height  indicated  by  any  point  on  that  line  is  thus  sufficiently 
high  to  suck  the  WrS  down  to  deck  level;  and  it  will  be  seen 
that  this  lower  line  agrees  well  over  most  of  its  length 
with  the  lowest  shadowgraph  line  which  indicates  fully- 
developed  turbulence.  The  two  lines  diverge  towards  the  stem 
because,  although  smoke  may  be  sucked  down  by  the  fully 
developed  turbulence,  it  need  not  necessarily  reach  deck  level 
before  it  has  travelled  past  the  stem;  the  lower  line,  by 
the  moaner  in  which  it  is  determined,  must  necessarily  pass 
through  the  stem  point,  whereas  the  lowest  shadowgraph  line 
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of  HtS 

introduced  her* 


The  upper  dotted  line,  indicating  the  beginning  of  turbu- 
lence as  determined  by  the  H,S  method,  is  obtained  by  using 
a small  vertical  streamlined  strut  one  inch  downstream  of  the 
HtS  jet.  The  strut  is  mounted  on  the  same  support  as  the 
jet  and  moves  vertically  with  iL  It  is  painted  with  lead  acetate, 
and  as  long  as  the  jet  is  above  the  turbulent  zone  the  lower 
edge  of  the  black  stain  that  occurs  where  the  H,S  impinges  on 


the  strut  does  not  move  up  or  down  the  strut  as  the  jet  and 
strut  are  gradually  lowered.  But  at  a certain  position  of  the 
jet,  the  lower  edge  of  the  stain  moves  downwards  quite  sharply, 
giving  a point  on  the  upper  dotted  line  in  Fig.  20;  and  this  is 
taken  as  the  height  at  which  turbulence  begins,  i.e.  the  upper 
boundary  of  the  turbulent  zone. 

This  position  is  much  more  easily  determined  than  the 
corresponding  shadowgraph  point  and  is  much  more  definite; 
different  observers  obtain  the  same  readings  within  close  limits. 
It  will  be  seen  from  Fig.  20  that,  except  well  forward,  the 
upper  HrS  line  agrees  well  with  the  second  shadowgraph  line, 
which  marks  the  height  at  which  turbulence  begins  to  be 
appreciable  and  the  heated-air  shadows  begin  to  shorten.  The 
divergence  of  the  two  lines  forward  has  not  yet  been  explained. 

One  further  point  should  be  noted:  it  will  be  seen  that 
the  two  HtS  lines  approach  one  another  near  the  foremast. 
The  reason  for  this  is  that  H,S  introduced  at  a point  above 
the  turbulence  boundary  can  still  enter  the  turbulent  zone  and 
find  its  way  to  deck  level  if  the  boundary  is  rising  behind  the 
point  of  emission  of  the  H,S  (see  Fig.  26). 


Appendix  3 


THE  TERMINAL  VELOCITIES  OF  SMUTS 


l.  Determination  of  V,,  the  Terminal  Velocity  of  a Smut,  by 
Calculation 

If  the  weight  of  a smut  is  known,  the  terminal  velocity 
cut  be  calculated  as  follows : — 

When  the  smut  is  falling  freely  in  still  air  at  its  terminal 
velocity,  its  weight  is  equal  to  the  air  resistance, 

Le.  mg  = i p A V,‘  CD  (3) 

where  m = mass  of  smut, 

p « air  density = 0 07651b. /cu.  ft.  at  about 
60  deg.  F.  and  30in.  of  Hg, 

A = cross-sectional  area  of  smut, 

Cp  **  a resistance  coefficient 
The  value  of  Cj,  depends  on  the  shape  of  the  smut  This 
approximates  to  a flat  disk,  for  which  it  is  known  that  CD  is 
about  1-0.  Using  this  value  of  CD  in  equation  (3),  the  follow- 
ing equation  it  obtained  for  F,:— 

V%  " W 

The  most  obvious  assumption  regarding  the  weight  of  a 
amut  is  that  it  it  proportional  to  the  cube  of  the  diameter; 
and,  since  A is  proportional  to  the  square  of  the  diameter, 
aquation  (4)  shows  that  it  this  assumption  is  correct  the 
terminal  velocity  V,  will  be  proportional  to  the  square  root  of 
the  diameter.  But  die  dropping  experiments  carried  out  later 
(aee  (2)  below)  showed  conclusively  that  the  terminal  velocity 
was  Independent  of  the  abe  of  the  smut 

A possible  explanation  of  this  is  that  the  smuts  are  all  of 
the  same  thickness  t.  For  then  the  weight  of  any  particular 
is  equal  to  crAt,  where  c is  the  density  of  the  toot;  and 
; this  value  of  the  weight  mg  in  (3)  one  gets 

which  it  constant,  since  <r,  t and  p are  constant 

It  appears  probable  therefore  that  the  mints  ate  all  of 
oneirtant  thickness  and  are  formed  by  the  break  up  of  a deposit 
or  layer  of  soot  on  same  surface. 

To  calculate  V,  by  meant  of  equedon  (4),  a knowledge  of 

m,  the  mats  of  a nut,  it  requited.  This 

ship  supplied  a 
up  at  follows 


10  smuts  of  Jin.  diameter 
7 smuts  of  fin.  diameter 
2 smuts  of  fin.  diameter 

These  were  reduced  to  the  equivalent  number  of  i-in 
diameter  smuts  on  the  assumption  that  the  smuts  were  of 
constant  thickness,  i.e.  that  the  weight  was  proportional  to  the 
square  of  the  diameter.  The  total  equivalent  number  of  i-in. 
smuts  was  thus  calculated  as  446;  the  total  weight  of  the 
•ample  was  found  to  be  2 85  gm.,  so  that  die  weight  of  one 
i-in.  diameter  smut  was  141  x 10-5lb. 

Inserting  this  value  of  m in  equation  (4),  one  gets 
V,  me  118ft.  per  sec.  in  air  at  about  60  deg.  F. 

2.  Determination  of  V,  by  Timing  the  Drop  of  Smuts  through 
o Measured  Height 

The  equation  of  motion  of  a freely  falling  smut  is 
d'h  , „ „ fdh\ 

m IF  m me  -2p  A CD 

where  h is  the  height  from  the  starting  point. 

If  the  nut  starts  from  rest,  die  solution  of  this  equation  is 

z«*75 


dh 
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: K m ip  A Cp 

m ip  A if,  as  before,  it  is  assumed  that  CD 
end  V is  the  velocity  of  the  nut  at  time  t. 

The  terminal  velocity  is  obtained  by  putting  t * *; 
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Whenjhe  numerical  values  of  m,  g,  and  K are  inserted. 


(7) 


V 

V, 


e *•**'  + 1 


Bquetion  (S)  gives  the  rate  of  drop  of  the  nut  at  any 
t as  a redo  of  the  terminal  velocity.  A curve  of  this  redo 
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plotted  against  t shows  that  at  the  end  of  one  second  the 
velocity  is  over  99  per  cent  of  the  terminal  velocity.  This 
curve  also  enables  us  to  calculate  the  terminal  velocity  from 
the  atxragt  velocity  over  any  interval  starting  from  rest;  and 
the  average  velocity  can  be  obtained  by  observing  the  time 
taken  for  a particle  to  fall  a known  height. 

Observations  were  made  on  the  ship  of  the  time  taken 
by  smuts  of  various  sines  between  t-in.  and  l-in.  diameter  to 
fall  through  a height  of  215ft.  Eight  observations  in  all  were 
made,  and  the  average  time  of  fall  was  21  sec.,  giving  an 
average  velocity  over  this  period  of  10  25  per  sec. 

The  curve  of  V/V,  obtained  from  equation  (8)  showed  that 
the  ratio  of  the  terminal  velocity  to  the  average  velocity  over 
2-1  sec.  was  114;  hence 

V,  m 1 14  x 10  25  «=  11  7ft.  per  sec. 

The  very  dose  agreement  between  this  value  and  that 
obtained  by  calculation  (II  S,  see  (1)  above)  is  probably  partly 


accidental,  but  it  shows  that  the  values  obtained  for  V,  and 
the  assumed  value  of  CD  are  of  the  right  order. 

Some  further  observations  were  made  the  neat  day  with 
smuts  that  had  been  lying  on  deck  all  night.  On  this  occasion 
the  vessel  was  berthed  and  the  smuts  were  dropped  over  the 
side  through  a height  of  52'25ft  to  water  level.  Again,  smuts 
of  various  sues  fell  at  the  same  rate,  but  the  terminal  velocity 
obtained  in  the  same  way  as  for  the  previous  day  was  8 1ft 
per  sec. 

The  reason  for  this  difference  has  not  been  explained.  In 
making  the  calculations,  the  value  of  the  mass  m of  the  smuts 
was  assumed  to  be  the  same  as  that  used  in  the  earlier  calcula- 
tions. This  mass  may  have  been  different,  or  tbere  may  have 
been  an  up-draught  up  the  ship’s  tide.  However,  as  pointed 
out  in  the  main  text,  the  discrepancy  does  not  affect  the  con- 
clusions to  any  material  extent. 


Discussion 


Mu  J.  P.  Campbell  (Member  of  Council)  said  he  was 
privileged  to  be  at  sea  with  one  of  the  author*  of  this  excellent 
paper,  when  he  carried  out  some  of  hi*  ship  tests  for  the  pur- 
pose of  checking  the  record*  he  bad  obtained  from  wind 
tunnel  teats. 

He  had  previously  been  advised  of  what  was  expected  to 
happen  when  a bead  wind  was  encountered,  and  for  the  first 
teat  streamer*  were  rigged  forward  and  aft  of  the  vessel.  Un- 
fortunately a strong  bead  wind  caused  the  streamers  to  flap 
about  too  rapidly  and  no  reliable  remits  were  obtained.  At  a 
later  date,  when  the  smoke  generators  were  introduced,  the 
smoke  trails  noticed  confirmed  the  model  test  results. 

The  publication  of  this  paper  gave  shipowners  and  ship- 
builder* valuable  information  on  how  to  prevent  fumes  gening 
into  accommodation  or  on  to  the  after  deck  of  a ship. 

To  obtain  reliable  film*  of  the  teats,  it  had  been  suggested 
that  a photographer  should  take  the  photographs  from  a heli- 
copter It  was  decided  to  try  taking  the  photograph*  from  a 
vantage  point  on  the  ship  before  resorting  to  this  expedient. 
One  of  the  authors  was  able  to  take  the  photographs  by  using 
a dot  camera  whilst  standing  in  a lifeboat— « hazardous  posi- 
tion at  sea  This  gave  some  idea  of  the  lengths  research 
workers  were  prepared  to  go  to  get  confirmation  of  the  experi- 
ment*. 

The  short  answer  to  the  funnel  smoke  problem  was  sdU 
to  make  the  funnel  high  enough  and  in  this  paper,  possibly 
with  vest  diplomacy,  the  authors  avoided  the  discussion  of 
funnels.  There  was  a time  when  funnels  on  ship*  were  known 
as  "smoke  stacks"  and  were  used  solely  for  emitting  foe  fumes 
from  boiler*  and  many  year*  ago  these  fumes  were  emitted  as 
high  up  in  foe  atmosphere  as  was  reasonably  possible,  especi- 
ally in  the  days  of  natural  draught,  coal  burning  boilers,  and 
in  those  days  the  funnels  were  mviniabty  of  circular  section. 
Since  then  they  had  seen  funnel  casings  of  oral,  square,  *ro- 
fofl  and  other  sections  and  foe  stage  had  baen  reached  where 
a side  elevation  usually  showed  a conic  frustrum.  On  most 
ships  today  foe  funnel  caring  contained  a number  of  essential 
parts,  seme  of  which  might  be  said  to  overflow  from  the 
machinery  mooes,  such  as  aflenosn,  ventilating  fans,  ate. 
Time  were  ships  afloat  where  foe  maettn'  accommodation  was 
mm  b i ninnti 


On  foe  ships  on  which  he  had  seen  the  tests  carried  out 
the  actual  area  of  the  exhaust  pipes  accounted  for  only  7 per 
cent  of  the  funnel  top  area  and  many  people  were  under  the 
impression  today  that  funnel  casings  on  ships  were  more  for 
appearance  than  utility. 

Many  ships  could  be  seen  today  with  what  might  be 
called  unconventional  tops  to  their  funnels,  the  designs  of 
which  were  attributable  to  the  shipbuilders  and  were  considered 
to  assist  in  obviating  the  smoke  nuisance.  There  were  cases 
on  record  where  shipowners  had  tried  to  reduce  foe  smoke 
nuisance  by  coning  the  funnel  tops  and  also  increasing  the 
air  supply  to  the  boilers;  and,  incidentally,  increasing  their 
fud  consumption  in  consequence. 

When  the  wind  veered  round  towards  the  beam  the  super- 
structure ceased  to  have  any  effect  on  funnel  fumes.  As  with  a 
yaw  of  30  degree*  the  fumes  oo  the  leeward  side  of  a modem 
funnel  casing  came  down  to  near  deck  level.  To  obviate  this 
many  vessels  could  be  seen  with  an  exhaust  pipe  extending 
above  the  top  of  the  funnel  casing. 

Mr.  Ower  had  given  a previous  paper  on  funnels  but  it 
was  unfortunate  that  tbere  was  no  appendix  in  this  paper  on 
funnel  crow  section  area  and  shape  because  this  would  he  of 


In  connexion  with  the  smut  nuisance,  he  would  have 
thought  that  a swirling  effect  in  the  flow  of  the  exhaust  gas 
would  be  more  affective  in  guiding  any  smuts  formed  to  the 
outer  diameter  of  foe  casing  of  the  low  velocity  get  chamber, 
at  centrifugal  force  would  tend  to  throw  the  smuts  out  to 
foe  perimeter  where  they  could  be  collected.  On  one  of  the 
ships  in  which  he  was  interested,  smut  trouble  was  traced  to 
a small  automatic  auxiliary  boiler  operating  in  a doted  stoke- 
hold with  the  air  supply  trunked  from  another  compartment 
In  fairr-^s  to  the  designer  of  foe  hunting  equipment,  foe  boiler 
was  a • ■ ' burning  a higher  viscosity  fud  than  that  for  which 

it  was  -+  ned-  To  rtduoe  this  trouble  to  a minimum,  it 
had  been  necessary  to  retort  to  continual  cleaning  of  foe  flic 
tide  off  the  boiler.  Aa  a point  of  interest,  fob  trouble  had 
foen  entirely  eliminated  by  foe  introduction  of  a fud  additive. 

Smuts  were  always  of  peat  nuisance  value  to  shipowner* 
in  so  far  as  they  were  very  corrosive,  containing  a lot  of  sul- 
phur, and  when  they  landed  on  deck  could  erase  considerable 
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damage  to  passengers’  clothing,  tarpaulins,  lifeboats,  etc 
Arresting  smuts  in  funnels  by  water  washing,  or  methods  of 
straining  and  retaining  them  in  funnel  tops,  proved  extremely 
expensive  in  maintenance  repairs,  but  there  was  no  doubt  they 
could  be  arrested,  but  this  resulted  in  extremely  rapid  corrosion 
of  steelwork.  The  best  way  to  prevent  smuts  from  landing  on 
deck  was  to  eliminate  them  at  source.  Experts  on  oil  burning 
would  confirm  that  if  the  CO,  content  in  the  exhaust  gases 
was  increased  to  Hi  per  cent,  the  smut  trouble  was  eliminated. 

He  would  like  to  thank  Mr.  Ower  and  Dr.  Third  for  this 
extremely  interesting  information.  Only  the  authors  would 
know  the  extensive  tests  and  research  that  had  been  necessary 
before  this  paper  could  be  published. 


Ms  C.  H.  Burge  said  the  authors  should  be  congratu- 
lated on  thrir  lucid  presentation  of  the  results  of  their  experi- 
ments to  i ermine  the  course  of  the  turbulence  boundary.  It 
would  «-  that  the  investigation  was  to  be  continued  and 
if  this  v to  the  authors  had  provided  themselves  with  a 
weapon  to  annihilate  their  critics  inasmuch  as  the  pans  of  the 
paper  subject  to  criticism  might  still  lie  within  the  scope  of 
the  work  ye  to  be  done.  Nevertheless,  the  paper  would  have 
been  of  git  a-  value  to  the  naval  architect  l»d  the  authors 
included  pin  ographs  of  the  performance  of  a model  funnel 
designed  on  t ic  lines  recommended. 

The  expe  iment  so  far  bad  been  limited  to  the  wind  ahead 
condition  and  the  results  presented  in  the  paper  should  appeal 
specially  to  constructors  in  the  Department  of  Naval  Con- 
struction of  the  Admiralty,  whose  problems  from  descending 
funnel  gases  mostly  arose  in  winds  between  0 deg.  and  10  deg. 
off  the  bow.  Naval  architects  engaged  in  the  design  of  pas- 
senger vessels  would  gain  very  little  assistance  from  the  paper, 
because  their  ships  did  not  meet  with  adverse  conditions  of 
i smoke  until  the  relative  wind  was  between  17  deg.  and  20  deg. 
off  the  bow.  In  this  respect,  the  authors’  statement  on  the 
effect  of  yawed  winds  was  misleading.  It  gave  the  impression 
that  a funnel  with  a satisfactory  performance  at  wind  ahead 
would  be  equally  satisfactory  in  winds  off  the  bow.  In  these 
days  of  high  maintenance  coat  it  was  important  to  avoid 
damage  from  the  acid  constituents  in  the  funnel  gases  and,  in 
many  ships,  lifeboats  and  lifeboat  covers  suffered  heavily  from 
this  form  of  contamination.  Obviously  the  damage  occurred 
mostly  in  winds  off  the  bow.  Other  requirements  of  modem 
times  demanded  that  the  funnel  itself  should  be  free  from 
smoke  discoloration  and  that  the  oily  odours  of  ventilated 
waste  air  should  not  descend  to  deck  level.  Both  requirements 
applied  to  all  directions  of  relative  wind. 

When  the  wind  was  dead  ahead,  the  airflow  pattern  was 
symmetrical  to  port  and  starboard  of  the  middle  line,  both 
above  and  below  die  turbulence  boundary.  When  the  funnel 
paes  were  discharged  dear  of  the  local  aerodynamic  interference 
of  the  funnel  itself,  the  plume  would  disperse  symmetrically, 
whether  or  not  it  remained  above  the  turbulence  boundary. 
The  symmetry  of  the  air  flow  pattern  was  destroyed  as  soon 
as  the  ship  began  to  turn  across  the  wind.  Wind  tunnel  ex- 
periments on  a number  of  modd  ships  and  funnels  ted  shown 
that  a critical  condition  in  the  funnel  wake  was  reached  when 
the  relative  wind  was  in  the  region  of  17  to  25  deg.  off  the 
hoar.  Here  the  lower  boundary  of  the  plume  suddenly  des- 
cended over  tee  leeward  floe  of  tee  funnel,  even  when  the 
funnel  top  was  above  tee  turbulence  boundary.  Sane  of  the 
turbulence  to  beward  of  the  funnel  eras  due  to  the  air  flow 
over  tee  ship  from  windward  mixing  with  both  tte  air  flow 
along  tte  leeward  side  of  the  superstructure  and  an  air  stream 
creating  tte  dick  from  tee  windward  face  of  the  tupentruc- 
tun,  but  tee  major  effects  came  from  the  presence  of  the  funnel 
{ caring  fcsrif.  Over  tee  range  of  advene  wind  direction  the 
aMfioer  over  tee  lop  of  tee  funnel  mined  with  the  eddies  shed 
bom  tee  windward  side  of  the  funnel  oasing.  This  produced 
ahtee  a large  addv  or  a sheet  of  nail  eddies  into  which  tte 
tna^hnade^Mritee plume  denuded  and  teenjetunmil^ 


return  to  the  funnel  from  e distance  as  far  as  two  funnel 
widths  down  stream. 

There  were  several  ways  of  dealing  with  this  situation  and 
so  far  the  remedy  had  been  discovered  mostly  by  model  experi- 
ment. At  the  moment,  this  would  appear  to  be  the  quickest, 
cheapest  and  most  satisfactory  means  of  providing  the  naval 
architect  with  the  right  answer. 

It  was  interesting  to  learn  of  the  authors*  success  in  cor- 
relating model  end  full-scale  results  from  observations  taken 
on  a cross-channel  ship.  In  coastal  waters  the  presence  of 
land  masses  introduced  such  inconsistent  fluctuations  in  the 
velocity  and  direction  of  the  natural  wind  that  there  was  no 
time  when  the  air  flow  over  the  ship  was  in  a steady  state 
long  enough  for  observations  to  be  taken. 

Accordingly  one  prayed  fervently  for  calm  conditions  on 
such  occasions  when  the  relative  wind  would  be  wholly  from 
dead  ahead  and  equal  to  the  ship  speed.  This  would  then 
correspond  with  the  wind  tunnel  conditions  where  there  was 
no  velocity  gradient.  Because  of  the  fluctuation  in  the  natural 
airflow  in  coastal  waters,  wind  tunnel  results  were  regarded 
as  being  applicable  to  open  sea  conditions,  but  only  scanty 
full-scak  evidence  was  yet  available  for  correlation  with  measure- 
ments taken  on  the  model.  Nevertheless,  it  would  appear  that 
there  was  doae  agreement  between  model  and  full  scale  over 
those  parts  of  the  ship  forward  of  the  funnel,  but  downwind 
of  the  funnel  the  temperature  of  tte  heated  surfaces,  funnel 
gases  and  ventilated  waste  air  introduced  buoyancy  effects 
which  changed  the  pattern  of  the  air  flow  from  that  experienced 
on  the  model.  Accordingly  one  might  expea  the  paths  of 
the  turbulence  boundaries  downwind  of  the  funnel  to  be 
slightly  above  tbme  drawn  for  the  model  conditions  in  Pigs. 
2 to  6. 

It  was  impracticable  to  study  the  descent  of  mutt  by 
means  of  modd  experiments  and  generally  it  was  accepted 
that  their  own  momentum  on  emission  would  cause  them  to 
follow  a higher  trajectory  than  that  of  the  lower  boundary  of 
the  plume.  The  method  suggested  in  the  paper  for  trapping 
the  mutt  was  ingenious  but  modern  ships  at  service  speed 
discharged  tte  funnel  gases  at  high  velocity  and  it  was  prob- 
able therefore  that  the  necessary  length  of  expanded  uptake 
between  the  induced  draught  fan  and  the  outlet  might  be  too 
long  to  be  accommodated  conveniently  within  tee  funnel 
cuing.  The  outlet  area  would  be  around  60  per  cent  of  tee 
inlet  area  and  it  might  be  expected  that  tte  diffusion  of  tte 
effluent  within  tte  enlargement  would,  at  all  times,  follow  the 
pattern  of  a free  jet  ratter  than  expand  instantaneously  to  the 
full  diameter  of  tte  enlargement.  Therefore,  tte  heights  given 
for  tte  enlargement  by  tte  cums  of  Pig.  23  would  have  so  be 
increased  for  the  condition  V,  to  be  attained. 

Referring  to  Tests  74  and  75  it  was  interesting  to  note 
that  the  wings  of  the  navigating  bridge  had  ao  much  effect 
on  tte  height  of  tte  turbulence  boundary  at  wind  ahead. 

Comparing  Teat  75  trite  Tests  61  and  70  it  was  im- 
portant to  bear  in  mind  teat  a “monkey"  bridge  set  back  from 
tte  frontal  faoe  of  tte  superstructure  was  almost  untenable  in 
high  velocity  relative  winds  by  comparison  trite  one  act  flush 
with  the  frontal  edge. 


Mu  W.  McQumont,  B.Sc.  (Member)  pointed  out  teat 
in  tte  last  paragraph  of  Appendix  2 tee  authors  made  a sig- 
nificant statement  concerning  their  wind  tumid  teats  ■frirb 
ted  equal  significance  on  tee  ship  itself,  yet  was  not  noted 
anywhere  in  tte  paper.  It  was  pointed  out  that  hydrogen 
sulphide  introduced  at  a point  above  tte  turbuicnae  boundary 
could  till  enter  the  turbulent  aone  and  find  its  way  to  deck 
level  if  tte  boundary  was  rising  behind  tte  point  of  amiaeion 
of  the  hydrogen  sulphide.  Fig  26  was  included  to  demon- 
strate  tte  point.  The  tame  remarks  would  apply  if  far 
“hydrogen  sulphide"  one  put  in  “funnel  pa".  Is  otter  wards, 
if  tte  funnel  was  forward  of  tte  highest  point  of  the  tnebulent 
aone,  it  would  probably  be  necaaaary  to  arrange  for  the  afflux 
from  tte  funnel  to  be  carried  at  hast  as  high  as  the  maariomtn 
bright  of  the  turbulent  aone  and  not  just  ao  a point  above 
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the  local  turbulence  boundary.  Of  counc,  if  the  funnel  were 
aft  of  the  highest  point  of  the  turbulent  zone,  there  was  no 
need  to  carry  the  funnel  gas  to  a point  any  higher  than  the 
tool  boundary  position. 

These  observations  led  to  the  question  whether  the  posi- 
tion of  the  highest  point  of  the  turbulence  boundary  bad  not 
some  practical  significance.  It  was  notable  that  no  effort  had 
been  made  to  include  the  estimation  of  its  position,  and 
attention  had  been  concentrated  exclusively  on  determining  the 
maximum  height  of  the  boundary.  Figs.  2 to  6 suggested  that 
the  line  of  the  boundary  was  so  flat  behind  the  highest  point 
that  the  neglect  of  the  position  of  the  peak  was  justified  but 
one  wondered  if  in  fact  this  was  so  with  all  arrangements. 

All  the  model  tests  were  done  at  one  wind  speed,  which 
was  equivalent  to  a ship  speed  of  about  71  knots  in  still  air. 
Had  the  authors  satisfied  themselves  that  there  would  be  no 
variation  of  the  height  of  the  boundary  layer  with  wind  speed 
and  why  was  this  particular  speed  chosen? 

One  thing  which  did  not  appear  to  have  been  varied 
during  the  teste  with  blocks  on  the  model  hull  teas  the  distance 
from  the  forepeak  to  the  bridge  front  which  remained  at  a 
length  2 1 times  the  beam  right  through  the  whole  aeries  of 
ants,  if  be  read  them  aright  This  particular  dimension  could 
vary  to  an  appreciable  extern  on  ships;  for  instance,  it 
appeared  to  be  about  half  as  big  again  on  ship  C as  on  ship 
B.  It  was  difficult  to  see  that  this  dimension  had  no  signific- 
ance, especially  since  allowance  was  made  for  the  effect  of 
forecastle  and  sheer.  On  ship  A,  which  was  the  bull  form 
used  for  the  model  teste,  this  dimension  appeared  to  be  approxi- 
mately 10.  Had  the  authors  any  mason  for  increasing  this 
dimension  for  their  tests  end  why  did  they  choose  21? 

Fig.  IS,  which  gave  typical  curves  for  intermediate  step- 
down,  was  he  was  afraid — incomprehensible  to  him.  Tie 
factor  /,  appeared  to  include  the  effect  of  other  variables  than 
ssep-down.  For  instance,  the  curve  marked  r./a-O-J  appealed 
to  include  the  factor  f»„  although  this  was  not  stated  any- 
where in  the  text  In  doing  so,  however,  it  used  the  isolated 
point  in  Fig.  12  for  this  value  of  r,/a  and  not  the  value 
which  would  be  obtained  from  the  curve.  And  furthermore 
in  the  sketch  in  Fig  15  there  was  a dimension  C,  shown  for 
length  which  was  not  referred  to  in  the  text  dealing  with  the 
method  of  estimation.  Was  it  intended  that  a minimum  value 
of  C,  should  be  specified,  above  which  there  would  be  no  effect 
from  an  intermediate  step-down? 

Looking  at  Figs.  14  and  IS  together,  in  Fig  14  the  curve 
marked  r,/a  - 0 represented  the  flat  front  condition,  which 
agno  appealed  as  the  top  curve  in  Fig  IS.  In  the  latter 
figure  a,/a  « 1-00  represented  the  condition  where  e,  in  Fig 
15  became  the  mine  as  e in  Fig  14;  that  was  to  say,  the 
ssep-down  bad  become  complete  and  was  the  same  as  the 
termination  of  the  superstructure.  At  that  particular  point 
the  value  of  /„  in  Fig  14  and  the  value  of  /,  in  Fig  1$ 
should  be  exactly  the  same  and  should  he  IT.  This  could 
only  occur  in  Fig  14  when  c was  lam  than  0-4.  Having 
worked  all  this  out,  he  took  another  and  much  doaer  look  at 
tests  57-62  and  discovered  that  all  these  tests  had  been  done 
with  a value  of  e,  - 04.  But  the  sketch  in  Fig  IS  wes  very 
misleading  because  at  c,  it  looked  ss  though  the  length  was 
mote  like  1-4. 

In  the  conclusions  to  be  drawn  from  Part  1 of  the  paper, 
it  was  seated  that  accurate  predictions  could  be  made  of  the 
height  of  the  turbulence  boundary.  This  word  "accurate”  was 
rather  worrying  Elsewhere  prediction  to  within  3 feet  on  the 
full  scale  was  claimed,  and  in  yet  another  place  h was  stated 
that  an  agreement  to  within  41  feet  between  measured  and 
calculated  values  was  good  enough  for  practical  purposes. 
(This  was  deduced  by  applying  a variation  of  A of  0 07  in 
/ -action  JJJ(S)  at  the  top  of  page  IIP  to  a ship  of  64ft  beam.) 
' Jould  the  authors  indicate  quite  specifically  the  accuracy  this 
method  of  estimation  was  expected  to  attain,  and  also  state 
their  view  on  the  accuracy  that  was  necessary  in  such  a method 
to  make  the  use  of  the  turbulence  boundary  position  a really 
practical  feature  in  the  design  of  funnels  and  superstructures? 


How  closely  did  one  need  to  know  the  answer?  4ift.  seemed 
a large  range  in  settling  funnel  height. 

Turning  to  the  use  which  could  be  msde  of  the  informa- 
tion set  out  in  the  paper,  one  would  have  thought  that  the 
calculation  of  the  boundary  height  for  a wide  range  of  ships 
would  be  the  meat  useful  next  step.  An  analysis  of  the  relation- 
ship between  the  relative  position  of  funnel  efflux  and  bound- 
ary height  and  the  known  freedom  or  otherwise  of  the  ship 
from  smoke  trouble,  would  give  a fair  indication  of  whether 
this  method  had  a future. 

Finally,  what  did  the  authors  consider  smuts  to  consist 
of,  when  did  they  think  the  smuts  were  ejected,  and  why  did 
they  occur?  His  own  answer  to  these  questions,  which  would 
prdbably  not  agree  with  that  of  many  other  people,  was  that 
smuts  in  the  main  were  pieces  of  soot  blown  out  by  the  soot- 
blowers and  that  generally  the  only  time  they  were  ejected 
was  during  soot  blowing.  That  being  to,  had  the  authors  con- 
sidered the  velocity  conditions  in  the  uptake  during  soot  blow- 
ing, and  if  to  had  they  found  the  enlarged  uptake  section  a 
feasible  arrangement  under  these  soot  blowing  conditions? 

M*.  W.  F.  Stoot,  M.Sc.,  said  that  the  efficacy  of  ship 
models  for  the  purpose  of  producing  an  effective  design  of 
superstructure  so  as  to  prevent  the  descent  of  funnel  smoke 
was  indeed  pertinent,  and  the  authors  were  to  be  congratulated 
on  making  a substantial  contribution  to  the  subject  Of  par- 
ticular interest  were  the  experiments  carried  out  in  full-size 
■hips.  It  was  well  known  that  the  correlation  of  model  tests 
with  the  performances  of  actual  ships  was  definitely  still  a 
subject  of  controversy.  These  full-scale  tests  carried  out  by 
the  authors  were  therefore  important. 

It  might  be  of  value  if  the  authors  could  ghic  some  idea 
of  the  ship  and  wind  speeds  experienced  at  the  time  of  dv 
experiment  Perhaps  he  had  overlooked  this  information  in 
the  paper,  but  he  did  not  think  so. 

With  regard  to  the  actual  comparison  between  model  and 
ship,  a rational  basis  would  be  to  use  the  same  Reynolds 
number  for  ship  and  model.  This  was,  however,  impractic- 
able due  to  the  high  wind  velocities  involved  in  the  wind 
tunnel.  It  was  assumed  that  the  view  of  the  authors  was  that 
the  flow  of  disturbed  air  round  the  model  at  the  low  velocities 
they  used  in  their  wind  tunnel  experiments  was  of  the  same 
pattern  ss  that  found  at  the  ship.  The  smoke  trails  in  the 
full-scale  tests  seemed  to  indicate  that  this  might  be  true. 
Any  information  the  authors  could  give,  which  had  been 
published,  of  work  done  on  wind  tunnel  tern  on  similar  models 
of  different  scale  would  be  of  great  interest 

The  empirical  formula  for  working  out  the  height  of  the 
turbulent  none  was  very  important,  and  in  success  to  some 
extent  had  been  demonstrated.  It  must  be  borne  in  mind  that 
the  formula  was  based  an  results  from  highly  simplified  models, 
which  did  not  precisely  simulate  the  ship,  even  assuming  that 
the  basis  of  the  correlation  between  model  and  ship  was  correct 
However,  it  appeared  from  the  later  tests  that  this  did  not 
matter.  He  would  not  suggest  that  it  did  not  matter,  because 
the  height  of  the  turbulent  zone  was  ill  defined. 

Before  the  publication  of  the  paper  it  bad  been  assumed 
that  due  to  the  varieties  of  superstructures  of  different  com- 
plex] ties  the  production  of  an  empirical  formula  would  be 
next  to  impossible.  The  authors,  however,  bed  refuted  this  in 
a most  convincing  manner. 

From  the  designer’s  point  of  view,  having  estimated  the 
height  of  this  turbulent  zone,  he  had  still  to  ascertain  if  there 
were  going  to  be  any  interaction  with  the  smoke  from  the 
funnel-— as  previous  speakers  had  said— at  all  angles  of  in- 
cidence of  the  wind.  It  would  seem  necessary  to  retort  to  a 
«*odel  teat  to  find  an  efficient  answer  to  this.  The  ship  could 
be  simulated  fairly  wen  in  a model  teat,  except  possibly  for 
the  rigging  By  the  use  of  coloured  smoke  a solution  would 
aknostinvariabiy  be  found.  The  true  importance  of  the  paper 
could  not  be  asurerd  until  the  results  of  the  forthcoming 
work  on  funnel  interaction  were  published 

Three  eras  one  good  aspect  of  the  paper  hr  that  tbs 
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designer  was  supplied  with  sufficient  date  to  keep  his  turbulent 
none  at  a minimum.  It  mutt  not  be  forgotten,  when  consider- 
ing the  smoke  nuisance,  that  there  is  another  factor,  that  for 
ships  travailing  at  speeds  over  25  knots  the  wind  resistance 
could  be  considerable.  To  naval  architects  and  from  the  engin- 
eer's point  of  view,  the  zone  of  turbulence  might  seem  to  be  n 
zone  of  loet  energy.  From  the  shipowner’s  point  of  view  it 
might  be  a zone  of  lost  money  and  the  shipowner  appeared  to 
be  suffering  Aram  a surfeit  of  such  difficulties  in  these  days. 

Ms.  K.  F.  McGttoo*  said  that  the  authors  had  presented 
a very  interesting  paper  on  superstructure  design  and  the 
problem  of  smoke  falling  on  the  deck.  It  had  been  practically 
admitted,  however,  that  the  design  of  superstructure  could  not 
prevent  mutt  falling  on  the  deck  and  it  was  thought  that 
smuts  could  be  prevented  from  leaving  ships’  funnels  merely 
by  enlarging  a section  of  the  upgoing  flue.  It  was  appreciated 
thet  an  effort  had  been  made  to  substantiate  this  by  calculation 
and  observation  of  the  terminal  velocity  of  the  smuts  in 
Question,  and  that  the  design  at  the  enlarged  section  of  the 
ffiie  was  probably  theoretically  correct  but  in  practice  would 
be  far  from  sufficient 

Consider  a ship  with  an  oil-fired  boiler  of  approximately 
100,0001b  per  hr.  evaporation.  This  would  produce  a gas 
volume  of  something  like  36,000  c.f.m.  at  360  deg.  F.  For 
45ft  per  sec.  gas  velocity  the  flue  would  be  about  4ft  in 
diameter,  and  the  diameter  of  the  enlarged  section  to  give  10ft 
per  sec.  would  be  about  lift 

Before  considering  the  behaviour  of  smuts  having  terminal 
velocities  of  about  10ft.  per  sec.  one  must  be  sure  that  the 
velocity  distribution  across  the  enlarged  section  was  good.  In 
normal  measuring  and  sampling  in  ducts,  a general  rule  to 
ensure  good  distribution  was  that  the  measuring  point  should 
be  about  six  diameters  downstream  from  the  previous  change 
of  section  or  direction,  which — if  applied  to  this  case — meant 
that  the  enlarged  section  must  be  at  least  6ft  x lift,  ie.  521ft 
high,  followed  by  the  necessary  12ft.  for  the  settling  of  the 
particles.  This  might  be  taking  things  to  extremes  but  cer- 
tainly 12ft  would  not  be  sufficient  for  the  smuts  to  settle  out 
Bad  eddies  would  be  formed  at  the  entrance  to  the  enlarge- 
ment and  would  make  themselves  felt  a considerable  way  up. 
Thus  many  panicles  would  be  carried  over  in  vertical  velocity 
components  of  the  eddy  currents  greater  than  10ft.  per  sec. 

As  to  the  amount  of  soot  to  be  dealt  with,  the  probable 
amission  might  be  of  the  order  of  one  ton  per  day.  Using 
an  enlarged  section  or  separating  chamber,  as  surges  ted,  a fog 
of  smuts  and  soot  would  build  up  in  the  chamber  and  means 
would  have  to  be  found  to  extract  it  The  arrangement  as 
it  was  mfoht  stop  some  of  the  smuts  temporarily  but  would 
DM  catch  them  and  permit  disposal. 

It  was  necessary  to  make  provision  not  only  to  arrest  the 
particles  but  to  collect  them.  This  could  be  done  fairly  simply 
by  passing  the  upgoing  gases  through  a vane  ring,  so  that  the 
particles  would  be  thrown  to  the  wall  of  the  chamber.  The 
chamber  could  also  be  enlarged  to  reduce  the  upgoing  velocity 
and  the  centrifugal  forces  would  push  the  particles  and  smuts 


out  to  the  side.  These  could  be  skimmed  off  the  wall  of  the 
body  through  a vertical  slot  and  immediately  passed  tangenti- 
ally into  a small  cyclone  collector  integral  with  the  main  body. 
In  this  cyclone  the  dust,  now  spinning  in  the  opposite  hand, 
would  slide  down  the  walls  and  be  collected  in  a suitable 
hopper  for  disposal.  The  secondary  gas  carried  over  with 
the  dust  would  be  discharged  through  the  top  of  the  cyclone 
and  passed  back  to  the  main  gas  stream.  For  the  conditions 
under  consideration,  the  pressure  drop  across  the  collector 
would  be  about  1 7in.  w.g. 

The  enlargement  suggested  was  about  9ft.  in  diameter  and 
12ft  high.  For  the  type  of  collector  now  considered,  the  main 
body  would  be  about  7ft.  in  diameter  with  an  integral  second- 
ary cyclone  of  27in.  diameter  with  overall  height  of  about  10ft. 
Fig.  27  showed  the  two  arrangements  to  the  same  scale. 
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Fig.  27 


This  type  of  collector  would  most  certainly  catch  the 
smuts  and  some  of  the  finer  particles  which  formed  smuts, 
but  not  all  of  them.  Some  of  the  small  fine  particles  that 
passed  the  collector  and  were  not  caught  would  settle  on  any 
coder  surfaoes  between  the  collector  outlet  and  funnel  dis- 
charge, forming  more  smuts.  These  would  eventually  be  blown 
off  and  come  down  on  deck.  The  ducting  between  the  col- 
lector outlet  and  the  funnel  outlet  must  therefore  be  kept  to 
a minimum. 

Another  way  was  to  improve  the  collector  efficiency  for  the 
very  fine  smut-forming  particles.  This,  however,  was  a 
difficult  and  expensive  thing  to  do. 
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H W.  Ouaoumr  (Vice-President)  thought  the 
did  mdl  to  emphasize  marly  in  the  paper  the  tufftrenoe 
f and  what  they  called  “smuts”. 

: had  ody  comparatively  recently  become  a problem, 
to  superstructure  design,  and  in  modem  itaamett 
m the  low  exit  velocity  of  their  boOtr  products  of  combustion. 
Om  new  off  bunting  simmer  in  tbs  London  Docks  was  saen 
«•  base  the  aache  actually  ipflUng  ovm  the  edge  of  the  funnel 
to  the  deck.  What  a cootmet  to  the  netutal 


would  recall  these  ”old  timers”  with  their  smoke 
proudly  upwards  and  well  dear  of  the  ship  In  the  Indian 
Ocean  in  calm  weather  the  smoke  plume  could  be  seen  floating 
well  up  in  the  sky  and  stretching  for  many  miles — not  the 
some  colour,  of  course,  but  not  unlike  the  vapour  trail  fre- 
quently seen  in  the  sky  today  from  aeroplanes. 

The  early  Diesel  engine,  too,  gave  few  smoke  problems 
but  it  did  have  ha  ”amut”  probiem.  Just  like  a bourn  chimney 
which  wa  not  kept  swept,  the  accumulations  of  catbon  in  the 
system  would  fin  oe  beeak  away  and  suddenly  i 
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out  of  the  funnel.  This  problem  came  very  much  to  the  fore 
during  the  war  years,  aggravated  by  the  necessity  for  fast 
Diesel -engined  ships  to  keep  station  in  slow  convoys.  Before 
other  measures  were  evolved,  convoy  commodores  permitted 
such  ships  in  daylight  hours  to  break  convoy  and  race  around 
at  full  power  to  burn  up  oil  and  blow  out  the  loose  carbon 
from  their  exhaust  systems.  If  they  did  not,  the  risk  was 
that  a “chimney”  would  suddenly  "catch  alight"  during  the 
night  and  produce  an  enormous  “Roman  candle",  advertising 
far  and  wide  to  any  lurching  submarine  the  exact  whereabouts 
of  the  convoy. 

This  danger  was  overcome  in  bis  Company's  ships  by 
removing  the  cast  iron  nozzle  at  the  top  of  the  silencers,  thus 
reducing  the  exit  velocity,  and  fitting  over  this  exit  an  in- 
verted cone  against  which  the  red  hot  cokes  impinged  and 
were  deflected  down  into  the  funnel  top.  A water  spray  was 
fitted  to  quench  these  red  hot  cokes  and  by  washing  them  away 
prevented  the  accumulation  of  a destructive  red  hot  mass  of 
carbon.  Those  who  bad  raked  on  to  a stokehold  floor  plate 
ashes  from  a coal-fired  boiler  or  carbon  from  the  back  ends  of 
an  oil-fired  boiler  would  fully  appreciate  the  problem.  The 
quantity  of  cokes  and  smuts  that  did  accumulate  on  the  funnel 
top  was  most  surprising. 

Figs.  28  and  29  showed  the  arrangement  described.  The 


Fig.  29 


dimensions  of  the  inverted  cone  were  restricted,  of  course,  by 
the  existing  funnel  top  but  it  was  generally  found  possible  to 
arrange  the  exit  areas  to  be  not  leas  than  ten  times  the  exit 
area  at  the  top  of  the  silencers.  This  improvised  solution  of 
'an  urgent  war  problem  compared  well  with  the  more  scientific 
approach  of  Part  HI  and  Appendix  3 of  this  paper.  Smuts 
of  tin.  diameter  mentioned  in  Appendix  3 must  be  rare 
phenomena  and  recalled  the  early  days  of  Diesel  when 

a chief  engineer,  tired  of  the  incessant  nagging  of  a captain 
to  stop  cokes  and  smuts  falling  on  his  beautiful  holystoned 
oak  decks  and  well  scrubbed  white  canvas  awnings,  made  up 
a large  number  of  cheese  balls  (up  to  2 in.  diameter)  soaked 
them  in  purifier  dirt  and  one  dark  night  scattered  them  over 
the  deck.  The  next  morning  the  amaaed  captain  collected 
them  all  up  in  tins  which  be  duly  presented  to  hit  owners, 
who  pasted  them  on  to  the  engine  builders  who  at  the  time 
ware  Us  (Mr.  Cromarty's)  employers.  Like  the  captain  they 
were  amaaed  to  aae  such  huge  cokes  (or  smuts)  for  they  had 
apparently  come  out  of  a tflenccr  in  which  the  baffles  ware 
parforattd  platst  of  ftfa.  dknetar. 


As  the  authors  kindly  mentioned  in  their  acknowledge- 
ments, his  Company  had  willingly,  but  in  a small  way,  co- 
operated in  the  investigations  which  gave  the  Institute  this 
most  informative  and  helpful  paper.  Some  ten  years  ago  his 
Company’s  directors  decided  that  the  time  had  arrived  to 
break  away  from  the  traditional  profile  of  their  ships.  The 
profile  had  altered  little  from  that  of  their  coal-burning 
steamers.  Improvements  in  crew  accommodation  and  in  the 
amenities  provided  required  for  many  reasons  that  everyone 
be  housed  amidships.  To  maintain  the  cargo  carrying  capa- 
city, no  crew  space  could  be  allowed  below  the  weather  dieck 
and  so  eventually  the  profile  shown  in  Fig.  21(b)  in  the  paper 
was  evolved.  The  traditional  profile  had  been  not  unlike  that 
shown  in  Fig.  21(a)  except  that  instead  of  the  continuous 
amidships  house  shown  there  was  a bridge  house  (accommodat- 
ing the  navigating  officers  and  twelve  passengers)  and  a separate 
amidships  house  (accommodating  the  engineer  officers  and 
stewards),  separated  by  a cargo  hatch  on  the  weather  deck; 
the  crew  were  forward  on  the  forecastle  with  the  petty  officers 
aft  in  the  poop. 

Examining  these  two  profiles  (Figs.  21(a)  and  21(b))  it 
would  be  seen  that  whilst  the  funnel  heights  above  the  water 
levels  were  much  the  same,  the  funnel  of  Fig.  21(b)  appeared 
by  comparison  to  be  hemmed  in  by  the  superstructure.  The 
funnel  of  Fig.  21(a)  on  the  other  hand  stuck  up  well  into  the 
air  like  the  spouts  on  the  top  of  some  recent  ships.  But  it 
would  be  noticed  that  by  careful  design  the  turbulence  bound- 
ary height  was  practically  the  same  and  in  service  the  stream- 
lined superstructure  ships  had  given  no  smoke  problem. 
Which  was  precisely  as  was  anticipated,  the  owners  and  the 
builders  having  taken  advantage  of  the  offer  by  Thermotank, 
Ltd,  to  test  a model  in  their  wind  tunnel  before  finalizing  the 
new  profile. 

Also,  as  the  main  engines  and  auxiliaries  were  Diesels,  the 
smoke  exit  velocities  at  the  funnel  top  were  such  as  to  dear 
the  turbulence  boundary.  The  silencers  were  designed  to  col- 
lea  coke  and  smuts.  When  an  oil-fired  donkev  boiler  was  in 
use,  the  smoke  tended  to  “hang”  to  the  top  after  end  of  the 
funnel  and  “roll”  aft  just  under  the  line  of  the  turbulence 
boundary,  gradually  falling  to,  but  rarely  reaching,  the  poop 
deck. 

Prior  to  and  since  the  above  wind  tunned  test  the 
systematic  tests,  as  detailed  in  the  paper,  had  been  carried  out, 
from  which  a most  useful  method  had  been  evolved  by  the 
authors  for  estimating  the  height  of  the  turbulence  boundary 
and  also  from  which  the  advantages  of  streamlining  were 
dearly  proved. 

The  authors  were  to  be  congratulated  on  this  lucid  ex- 
position of  their  researches  and  their  thanks  were  due  to  their 
Priori  pair  for  their  permission  to  the  authors  to  make  these 
researches  available  to  the  Institute. 


Mr.  M.  Harper  (Member)  thought  the  authors  were  to 
be  congratulated  on  a very  instructive  and  valuable  paper  which 
should  lead  to  s more  precise  determination  of  funnel  heights 
and  to  avoid  the  sooting  of  the  upper  decks  of  vessels  which, 
in  the  ctae  of  passenger  liners,  could  be  most  objectionable 
and  possibly  react  unfavourably  on  the  popularity  of  the  vessel. 

The  decision  to  divide  the  subject  into  two  parts  was 
commendable  for  this  was  exactly  the  manner  in  which  the 
problem  confronted  naval  architects  and  machinery  designers, 
with  the  addition,  of  course,  of  ensuring  good  combustion. 

The  dose  agreement  of  the  calculated  turbulent  zone  and 
the  full  scale  faults  was  very  encouraging,  although  it  was 
noted  as  being  dependent  on  the  superstructure  lines  being 
accurately  known  at  an  early  stage  of  the  design.  However, 
with  the  clearance  of  the  stiemm  of  funnel  gas  over  the  after 
portion  of  the  vessel,  there  emerged  the  aecood  part  of  the 
problem,  that  of  the  prevention  of  emission  of  smuts  from  the 
funnel  aid  subsequent  fall-out  from  the  gas  trail 

Mr.  Harps  bad  had  scene  little  experience  of  this  trouble 
and  believed  that  the  authors’  scheme  of  a aone  of  low  velocity 
before  flail  axb  aatfcfectocSy  cured  the  trouble. 
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Superstructure  Design  in  Relation  to  the  Descent  of  Funnel  Smoke 


In  several  cases  with  which  be  wu  familiar  mot  nuisance 
was  avoided  by  mainlining  an  ana  of  the  uptake  from  the 
economizer  top  to  the  base  of  the  funnel  so  that  the  gas 
velocity  wu  of  the  order  of  18ft,  per  tec.,  the  length  of  this 
uptake  pardon  being  40ft.  Intide  the  funnel  the  uptake  ares 
was  reduced  to  give  a gas  velocity  of  100ft  per  tec.  with  the 
object  of  giving  effective  discharge  to  the  funnel  gases. 

With  reference  to  the  authors’  “Conclusions  from  Pan 
III”,  on  page  126,  perhaps  they  would  care  to  comment  on 
the  effect  of  increuing  the  gas  velocity  after  leaving  the  ex- 
pansion in  the  uptake,  as  this  wu  necessary  on  tome  vessels 
due  to  restrictions  imposed  by  the  arm  through  the  funnel. 
Would  the  calculated  height  of  the  expansion  in  uptake  be 
affected  by  an  increase  in  gas  velocity  after  the  expansion? 

Mil  K.  F.  McGregor,  in  a further  contribution,  wrote 
that  it  appeared  that  Mr.  Ower  believed  that  the  turbulence 
in  the  enlarged  section  of  the  upgoing  flue  would  not  be  so 
serious  u to  upset  the  prevention  of  emission  of  smuts  whose 
terminal  velocity  was  that  of  the  mean  vertical  velocity  in  the 
enlarged  section. 

This  was  contrary  to  practical  experience,  u the  following 
typical  examples  confirmed  : 

(a)  A paper  entitled  “The  Collection  of  Representative 
Flue  Dust  Samples”*  dealt,  inter  alia,  with  velocity 
gradients  after  a restriction. 

In  this  paper  plots  were  made  showing  the  velocity 
distribution  at  a quarter  area  orifice  restriction  and 
at  one,  two,  four  and  six  diameters  downstream  from 
it.  After  one  diameter,  the  maximum  and  minimum 
velocities  were  measured  to  be  20ft  /*ec.  to  over 
40ft /sec.  for  a mean  duct  velocity  of  30ft. /aec.  At 
ahe  diameters  downstream  the  maximum  and  mini- 
mum were  about  25  and  35ft/sec.  It  was  seen, 
therefore,  that  even  after  six  diameters  the  maximum 
velocity  was  16  per  cent  in  excess  of  the  mean.  It 
should  be  noted  that  these  measurements  were  made 
in  a 10-in.  square  duct  at  laboratory  temperatures: 
thus  there  was  no  thermal  disturbance. 

In  the  case  of  the  vertical  flue  there  would  be  thermal 
disturbance  due  to  coding  at  the  walls  and  «*liawg»» 
in  boiler  load,  which  would  also  alter  the  volume 
flowing  and  hence  the  mean  velocity. 

A further  effect  causing  turbulence  in  the  flue  would 
be  the  chimney  or  funnel  effect  due  to  cross  winds 
over  the  funnel  outlet 

(b)  Tests  recently  conducted  by  the  writer  in  a small 
horizontal  settling  chamber  with  very  low  gss  veloci- 
ties down  to  about  3 ft. /see.  showed  that  only  30  per 
emt  of  the  particles  which  should  theoretically  fall 
out,  in  fact  did  so. 

There  was  no  doubt  that  the  enlarged  section,  as  sug- 
gasied  fat  the  paper,  would  be  of  little  use  in  the  prevention 
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Mr.  W.  McArthur  Mom  son,  C.B.E.,  found  that  the 
the  result  of  a most  interesting  investigation 
ml  in  a simple  geometric  way  which  should 
then  scheming  a layout  of  the  siiper- 
For  a ship  with  machinery  amidthip 
» com  all  possible  combinations  of  deck  ' 
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wrtar  had  not  experienced  any  trouble  from  such 
<TP«a.  pmribhr  because  the  layout  included  a funnel  which  was 
nffWIendy  high  to  miry  the  smoke  well  above  the  turbulent 
, hist  on  two  vends  with  turbine  machinery  aft,  for  which 
sand Item  west  available,  an  application  of  this  method 
a doee  approximation  in  the  wind  ahead  and  astern 
» those  in  the  tunnel,  and  in  twice, 
it  was  not  part  of  those  experiments  to  chick  the 
i with  a fusmsi  in  position,  it  was  infesting  to 


• Ftaou,  A,  and  fleyta, 
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the  effect  in  the  above  two  tests  of  relatively  small  alterations 
With  the  outer  funnel  of  full  height  and  the  inner  funnel 
well  aft  and  extending  about  one  foot  above  the  top,  there  was 
a distinct  tendency  for  the  smoke  to  be  drawn  down  at  least 
to  half  its  height  in  the  eddy.  By  reducing  the  height  of  the 
outer  funnel  sufficiently  to  leave  space  inside  for  the  necessary 
fittings  and  leaving  the  inner  funnel  protruding  at  centre  to 
the  original  height,  this  tendency  was  eliminated,  as  was  also 
any  folding  at  angles  of  yaw  up  to  30  degrees 

This  method  might  not  meet  with  approval  in  all  cases 
but  after  all  it  was  economical  and  followed  domestic  practice 
over  the  centuries. 

Mil  G F.  Momus  considered  that  the  paper  provided 
information  which  could  be  uaed  so  produce  answers  good 
enough  for  a ship  having  simple  forms  of  superstructure  but 
for  large  passenger  liners  having  complex  shapes,  including 
wells  in  the  decks,  the  wind  tunnel  was  the  only  way  to 
approach  the  problem. 

The  effect  of  yaw,  mentioned  on  page  11?,  was  shown  in 
almost  every  case  to  be  at  its  worst  a*  approximately  20 
degrees  in  the  case  of  a large  paiwngri  liner  model  tested 
recently. 

Mil  F.  K.  Wtmh  (Member)  wrote  that  the  npethod  sug- 
gested of  preventing  the  emission  of  smuts  in  funnel  smoke 
had  been  put  into  practice  successfully  by  the  writer  in  two 
land  installations  of  oil  fired  boilers. 

It  was  the  writer’s  experience  that  attention  to  combustion 
in  the  furnace  would  not  solve  the  problem.  In  fact,  after 
many  months’  experimenting  with  burners,  air  directors  and 
furnace  fronts,  smut  emission  was  observed  during  combustion 
trials  in  which  a very  high  standard  of  combustion  was  main- 
tained. 

In  any  case  burners,  air  directors  and  quarts  deteriorated 
in  service,  and  with  the  human  element  involved  it  was  virtu- 
ally impossible  to  maintain  ideal  combustion  at  all  times,  so 
that  sooner  or  later  toot  was  produced. 

An  attempt  to  produce  smut  deliberately  by  bad  com- 
bustion, obtained  by  lowering  the  oil  temperature  and  restrict- 
ing the  air  supply,  failed  completely. 

Fuel  oil  contained  matter,  non-combustible  in  the  condi- 
tions obtained  in  the  normal  boiler  furnace,  varying  between 
01 85  per  cent  and  0 36  per  cent  of  its  weight.  Assuming 
that  the  fuel  used  contained  no  mote  than  07  per  cent  of 
this  matter,  a burner  consuming  fuel  at  the  rate  of  3001b.  per 
hr.  would  produce  241b.  of  soot  or  dust  per  day. 

If  in  practice  10  per  cent  of  tins  was  deposited  in  the 
tubes  or  adhered  to  brickwork,  etc.,  90  per  cent,  or  approxi- 
mately 2141b.  per  day,  would  be  emitted  in  the  funnel  gases 
as  dust,  but  this  was  also  potential  smut. 

The  write  concluded,  therefore,  that  all  attempts  to 
dim  mate  smut  by  attention  to  combustion  were  doomed  to 
frihne. 

The  theory  that  low  add  dewpoint  of  the  oil  flue  gases 
caused  moisture  condensation  on  the  internal  surface  of  the 
stack  to  which  soot  adhered  was  also  suspect;  the  surface  tem- 
perature of  the  stack  was  measured  on  a wet  and  windy  day 
and  found  to  be  little  above  the  ambient  temperature,  and  yet 
no  smuts  appeared,  nor  could  be  produced  by  deliberately 
causing  smoke  for  several  hours. 

Additives  failed  to  produce  any  improvement,  and  a three 
months*  run  on  200  seconds  viscosity  oil  also  failed. 

The  writer  suggested  that  nut  was  produced  in  the  flues, 
uptakes  and  funnel  in  a similar  manner  to  the  phenomenon 
which  took  place  in  a ventilation  system  in  which  no  filters 
tot  fittod.  Fine  dust  adhered  and  built  up  on  the  walls 
of  the  duet  and  gave  no  trouble  for  years;  it  then  paid  off 
suddenly  and  was  dierhargrd  into  the  ventilated  space  L 
lumps.  Something  sknflar  could  take  piaoe  in  the  uptakes  am 
funnel;  some  of  the  fine  duet  In  the  flue  gas  deposited  ot 
affable  surfaces  and  buflt  up  until  its  bulk  overcame  the 
initial  surface  attraction,  when  k peeled  off  and  was  emitted 
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To  catch  the  smut  before  it  could  be  emitted,  arresters 
of  the  type  used  for  grit  emission  were  tried.  Whilst  these 
intercepted  particles  which  were  obviously  produced  by  im- 
perfect combustion,  the  dust  of  which  smut  was  composed 
passed  by  and  smut  emission  continued. 

If  the  hypothesis  of  dust  in  the  flue  gas  adhering  to 
surfaces  and  peeling  off  to  form  smut  were  accepted,  it  be- 
came obvious  that  no  surface  above  the  arrester,  upon  which 
the  dust  could  deposit,  was  permissible. 

A model  transparent  chimney  was  attached  to  a fan,  the 
speed  of  which  could  be  adjusted  to  give  a range  of  velocities 
of  air  in  the  model  chimney.  Smuts  of  various  aims  were 
then  introduced  and  the  velocity  adjusted  until  the  smut 
floated  in  the  air  stream  without  being  emitted. 

The  results  were  plotted  in  Fig.  30. 

The  size  of  smut  which  could  be  tolerated  when  emitted 
must  be  decided  and  the  arrester  designed  accordingly. 

A chimney,  of  course,  could  be  built  of  sufficient  diameter 
for  its  full  height;  this,  however,  would  be  expensive. 

If  the  chimney  were  suddenly  enlarged,  a considerable 
length  of  the  enlarged  portion  performed  the  function  of  a 
diffuser.  This  could  be  achieved  mote  economically  by  taper- 
ing the  staefc^and  finally  distributing  the  gases  over  the  full 

A baffle  was  also  advisable  to  check  the  puff  of  gas  which 
occurred  when  a burner  was  lit  or  failed  to  light  for  an  in- 
stant, and  then  lit  with  a mall  explosion  producing  a 
puff  which  would  ceuae  an  emission  of  naut  if  not  checked 

In  the  successful  installation,  a whirl  of  amut  could  be 
aeen  near  the  top  of  the  chimney.  The  portion  performing 


Fig.  31 

the  function  of  arresting  the  smut  was  therefore  deduced  to 
be  7ft  long  if  the  gases  diverged  at  the  natural  angle  of  spread 
of  a gas  stream  of  5 degrees. 

The  quantity  of  soot  collected  was  of  the  order  of  lib. 
per  6001b.  of  fuel  burnt  This  soot  was  too  fine  to  slide  down 
a shoot  into  a hopper  but  was  easily  removed  periodically  by 
suction  through  a flexible  hose,  as  practised  by  the  domestic 
chfcanqr  sus^h 

Fig.  31  snowed  the  arrangement  ef  arrester  described. 


Authors’  Replies 


( 


Dr.  Third  said  that  be  would  leave  Mr.  Ower  to  deal 
with  the  point*  raised  with  regard  to  smuts.  Before  replying 
to  die  individual  contributions,  he  said  that  many  of  them,  as 
Mr.  Burge  himself  had  admitted,  hid  criticized  the  paper  for 
not  dealing  with  the  problem  of  funnel  shape.  The  title  of 
the  paper  made  it  quite  clear  that  it  dealt  only  with  super- 
structure design  in  relation  to  die  descent  of  funnel  smoke, 
and  that  the  effect  of  funnel  shape  and  design  was  not  in- 
cluded. Moreover,  reference  to  mis  effect  was  made  in  the 
introductory  remarks  to  the  paper,  in  which  it  was  stated  that 
the  investigation  of  funnel  effects  which  was  necessary  to  com- 
plete the  research  was  still  in  progress.  It  was  not  therefore 
fair  criticism  to  reproach  the  authors  for  omitting  this  inform- 
ation. They  had  considered  bolding  back  die  present  paper 
until  die  whole  research  bad  been  completed,  but  that  would 
have  resulted  probably  in  a delay  of  a year  or  more  and  cer- 
tainly in  a paper  of  almost  indigestible  size. 

The  authors  were  much  indebted  to  Mr.  Campbell  for  his 
co-operation  in  the  full-scale  investigations  and  for  die  account 
of  his  experience  on  the  performance  of  funnels  under  various 
conditions  in  practice.  It  seas  quite  true  to  say  that  there  was 
no  problem  if  the  funnel  were  made  high  enough. 

In  his  very  useful  contribution  Mr.  Burge  laid  great  stress 
on  the  importance  of  studying  conditions  with  relative  winds 
around  20  degrees  off  the  bow.  This  vital  aspect  of  the 
twoblem  had  not  been  lost  sight  of  by  die  authors;  but  it 
was  more  particularly  a funnel  problem,  and  was  receiving 
dose  attention  in  the  investigation  on  funnel  design  which  was 
now  in  progress. 

The  author*  had  knowledge  of  many  ships,  mainly  of  die 
larger  cargo  carrying  and  tanker  risssrt,  which  gave  trouble 
in  head  winds.  It  would  not  be  difficult  to  imagiry  trouble 
mini  with  the  orthodox  form  having  a funnel  amidships  and 
a rated  poop  deck,  but'  h was  rather  surprising  when  many 
oomph  Urn  arose  with  tankers.  Although  their  funnels  were 
only  a few  dozen  feet  from  the  stem,  it  eras  not  uncommon 
for  the  graes  to  sweep  down  on  to  the  decks  and  actually 
penetrate  forward  of  die  funnel,  due  to  their  not  clearing  the 
torbulent  zone.  BHminarion  of  there  head  wind  condition*  was 


the  relative  wind  moved  round  off  the  bow,  the 
ptanr  had  a rapidly  shortening  length  of  dads  to  paat  over, 
nut  any  advantage  from  this  could  be  lost  when  the  eagle 
the  critical  for  flow  round  the  funnel  easing,  which 
i usually  around  20  degrees.  This  could  be  important,  | 
daily  for  the 

in  the  investigation  on  funnel  design,  for,  as  Mr. 
dated  out,  the  meior  effects  in  yaw  ware  due  to  the 

A f t. — a# 

funnel 

In  the  comparison  between  model  and  full-scale  turbulent 
Mr.  ftogf  said  that  downwind  of  the  funnel  one  might 
the  path  on  the  full-scale  ship  to  be  slightly  higher 
on  the  model,  due  to  buoyancy  arising  (torn  heated  eur- 
. etc.  In  eo  far  at  the  letter  were  concerned, 
• actually  drawn  down  into  the  turbulent  sane, 
y little  stfect  on  the  height  of  the  bound- 
ary, and  me  when  the  other  factors  had  been  taken  tern 
consider  scion,  the  effect  should  he  on  flit  whole  eery  flight, 
fa  the  opinion  of  t‘ 


Mr.  McClimont  drew  mention  to  the  importance  of  con- 
sidering the  maximum  height  of  the  turbulent  zone  rather 
than  its  height  at  the  location  of  the  funnel.  On  page  110  of 
the  paper,  under  heading  1.1.3,  it  was  stated  that  observations 
were  made  of  this  maximum  height  h,  and  these  were  the 
values  used  in  die  investigation.  It  was  quite  true  that  if  the 
funnel  was  aft  of  the  highest  level  of  the  zone,  there  was  no 
need  to  take  this  level  into  consideration,  but  a study  of 
typical  ship  profiles  made  it  clear  that  the  funnel  was  rarely 
in  die  position  where  the  boundary  was  appreciably  below  the 
maximum  A rather  special  case  was  the  tanker  with  mid- 
ships bridge,  having  its  funnel  2$0ft.  or  more  abaft  this  source 
of  turbulence.  However,  teats  carried  out  in  the  wind  tunnel 
since  die  paper  was  prepared  indicated  that  the  turbulence 
had  lost  moat  of  its  activity  after  traversing  this  distance  in 
any  case,  and  it  had  therefore  no  great  influence  on  the  smoke 
plume.  Under  these  circumstances,  calculations  should  be 
based  an  the  turbulent  zone  originating  at  the  after  superstruc- 
ture front,  which  was  ot  course  quite  close  to  die  funnel. 

On  the  subject  of  wind  speed  in  the  tunnel,  a preliminary 
investimtion  was  carried  out,  covering  a range  of  speeds,  ill 
of  course  well  below  the  critical  Reynolds  number.  No  differ- 
ence in  the  Idem  at  die  turbulent  zone  was  noted,  and  it  was 
then  decided  to  work  at  a low  tunnel  speed,  for  this  resulted 
in  a gream  concentration  of  H,S  in  the  jet,  with  more  promin- 
ent stains  on  the  rods.  The  more  important  issue  concerning 
the  flow  pattern  at  velocities  above  and  below  the  critical 
Reynolds  number  had  bam  dealt  with  fully  in  Part  II  of  the 


from  the  forepeak  to  the  bridge  front  was 
the  beam — a typical  value — throughout  the 
of  the  turbulent  zone  was  much  the 
on  the  model  hull  or 
direct  upon  the  tunnel  floor,  thus  proving  that  the  presence 
of  the  hull  had  no  greet  influence  under  hod  wind  conditions. 
But  it  was  still  important  to  establish  a level  from  which  die 
effective  height  of  superstructure  had  to  be  measured,  hence 
the  necessity  to  derive  formula  So  make  allowance  for  «*»»■»• 
and  forecastle. 

IS  was  inchided  only  as  a guide  to  the  possible  effects 
of  an  intermediate  step-down  When  it  eras  realized  how  im- 
portant could  be  the  effect  of  reducing  the  superstructure 
length  with  the  front  rounded  in  elevation  (Fig.  14),  a few 
tent  ware  carried  out  to  And  how  die  multiplying  factor 
with  the  extent  of  the  step,  particularly  at  a relatively 
of  e„  which  w«  known  to  give  a high  turbulence 
in  the  limiting  condition  of  a, /a  - 1.  It  was  noted 
an  inrraaat  in  due  ratio  from  0 to  1 the  value  of  /, 
tow  wmdily  to  thorn  four  tans*  its  original  height  for  a degree 
of  rounding  r,/e  - <M.  As  e,  waa  increased,  the  range  in  die 
value  of  /,  decreased,  dace  it*  value  at  the  lower  hmit  when 
u,le  * 0 remained  unchanged  and  equal  to  the  value  for  the 
fuB  superstructure  of  length  e,  whereas  at  the  upper  Unut 
when  o,/a  - 1,  the  value  Ml  in  accordance  with  the  trend  of 
flit  curves  in  Fig.  14  lot  varying  superstructure  length.  In 
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structure,  the  value  of  f,  haem  unaffected  by  varying  a, /a. 
Juat  at  the  factor  f,  for  superstructure  length 
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Authors ’ Replies 


Mr.  McClimont  referred  to  the  degree  of  accuracy 
jn  making  predictions  of  the  height  of  the  turbulence 
boundary.  It  did  not  teem  to  Dr.  Third  a bad  result  to  get 
this  order  of  agreement  from  the  application  to  real  ships  of 
a generalized  formula  based  on  the  results  of  comparatively 
few  tests  cm  simplified  models,  particularly  in  view  of  the  ease 
and  speed  with  which  the  calculations  could  be  made.  More* 
over,  at  was  stated  under  heading  222  on  page  123,  the  change 
from  smooth  flow  to  strong  turbulence  took  place  not  at  any 
sharply  defined  line,  but  over  a transition  zone.  With  this  in 
mind  the  authors  were  of  the  opinion  that  it  would  hardly  be 
possible  to  get  agreement  within,  say,  3 or  4ft  even  with  die 
most  accurate  observations.  For  this  and  other  reasons  a 
margin  should  be  allowed  in  the  design  of  the  funnel 

Dr.  Third  appreciated  Mr.  Stoot’s  remarks  on  the  cor* 
relation  of  model  tests  with  the  performance  of  full-scale  ships. 
He  had  no  knowledge  of  similar  wind  tunnel  tests  carried  out 
on  superstructure  models  at  greatly  different  Reynolds  num- 
bers. In  the  introduction  to  the  paper,  the  disparity  in  scale 
and  speed  between  model  and  full-scale  conditions  was  dis- 
cussed. Although  reasons  were  there  given  for  believing  that 
any  effects  due  to  this  cause  would  be  small,  it  had  been 
decided  to  include  direct  comparisons  between  model  and  full- 
scale  results  in  order  to  confirm  this  assumption  once  for  all 
and  thus  to  establish  the  applicability  of  the  model  tests  to 
full-scale  conditions. 

He  agreed  that  the  empirical  method  of  estimating  die 
height  of  the  turbulent  zone  was  based  on  the  results  of  tests 
with  highly  simplified  models.  But  he  would  remind  Mr. 
Stoot  that  the  method  had  been  checked  by  the  authors  on 
three  ships  of  widely  different  shape,  both  in  die  wind  runnel 
and  on  the  full-scale,  and  in  all  cases  the  method  gave  results 
very  dose  to  those  actually  observed.  Mr.  Mormon,  in  his 
written  contribution,  referred  to  two  similar  cases  of  agree- 
ment. It  was  realized  from  die  start  that  the  bridge  front 
played  a prominent  part  in  creating  turbulent  flow  conditions, 
hence  the  reason  for  concentrating  to  a large  extent  on  the 
variables  associated  with  this  part  of  die  superstructure.  For- 
tunately, mast  of  the  other  sizable  obstructions  on  the  deck  of 
a ship,  such  as  lifeboats,  were  so  positioned  that  they  had  no 
appreciable  effect  on  the  turbulent  zone,  except  possibly  in 
relative  winds  well  round  on  the  beam,  so  they  could  be 
omitted  from  the  models  under  test. 

A very  interesting  point  relating  to  the  wind  resistance 
o t superstructures  was  raised.  There  was  no  doubt  that  the 
extent  of  the  turbulent  zone  was  some  measure  of  the  energy 
lost  from  this  source,  so  that  a designer  could  be  effecting  a 
worth  while  economy  in  this  direction  at  the  same  time  as  he 
was  improving  die  smoke  conditions.  However,  on  high  speed 
passenger  ships  the  designer  was  obliged  to  give  careful  study 
to  another  aspect  of  the  problem — that  of  the  wind  speed  over 
the  decks  themselves.  If  it  were  possible  to  go  to  the  extreme 
by  viwtiinaring  the  turbulent  zone  entirely,  the  decks  would  be- 
come untenable.  A compromise  would  appeer  to  combine  an 
overall  scheme  at  streamlining  with  the  judicious  placing  at 
weds  and  shelters. 

The  authors  were  indebted  to  Mr.  Cromarty  for  the  in- 
twett  he  had  taken  in  the  investigations  leading  up  to  the 
paper,  and  for  hit  very  trilling  co-operation.  His  account  of 
the  development  of  the  modem  profile  at  exemplified  in  Fig. 
21(b)  was  my  interesting  indeed.  It  ehowed  dearly  that  with 
a abort  funnel  the  gases  could  be  made  to  dear  the  turbulent 
zone  with  cartful  attention  to  the  design  of  the  superstructure. 
This  aapact  had  obviously  rot  bam  oonaidrred  in  the  earn  of 
atmy  other  modern  ship  profiles. 

The  authors  were  plmaad  to  Imrn  from  Mr.  Harper  that 
he  oonakhrtd  the  division  of  the  subject  into  two  para  was 
dte  right  way  to  tackle  the  problem. 

Mr.  Moriaon’i  roenarks  were  my  encouraging  to  the 
authors.  He  awn  tinned  the  dose  approximation  which  be 
found  betwam  dm  formula  and  full-scale  axpwwnoe,  which 
supported  the  flndinp  o i Ac  authors  in  the  similar  com- 
nsraoaa  they  had  made  and  reported  in  the  paper.  The  jo- 
■nance  of  relatively  aal  thntiw  at  he  funnel  top^  having 


as  their  purpose  a reduction  in  the  disturbance  created  by  the 
outer  cuing,  could  be  quite  striking.  In  bor^-rline  cases  a 
minor  modification  of  this  nature  might  be  «_  «nt  to  carry 
the  plume  dear  of  the  turbulent  zone  and  show  an  improve- 
ment seemingly  out  of  all  proportion  to  the  alteration  itself. 

Mr.  Morris  had  commented  on  the  difficulties  in  the  way 
of  applying  a formula  to  certain  large  passenger  liners  with 
complex  shapes.  The  authors  believed  that  the  method  they 
had  proposed  could  be  used  to  give  reasonably  close  predictions 
even  for  such  ships;  and  they  would  like  to  have  drawings 
of  one  or  two,  for  which  wind  tunnel  results  were  available, 
so  that  they  could  compare  these  results  with  those  predicted 
by  their  method.  It  might  be  necessary,  however,  to  carry  out 
model  tuts  to  study  wind  conditions  over  the  various  decks 
from  the  standpoint  of  comfort  or  habitability.  In  that  case, 
very  little  extra  work  would  be  needed  to  define  the  turbulence 
boundary  u welL 

Ma.  Owe*  replied  to  the  various  points  raised  in  con- 
nexion with  smuts.  He  emphasized  that,  as  stated  in  the 
paper,  the  idea  of  an  expansion  in  the  uptake  in  which  die 
smuts  could  fall  out  bad  not  been  originated  by  the  authors 
but  by  the  superintendent  engineer  of  one  of  the  shipping 
lines.  All  that  had  been  done  in  the  paper  was  to  investigBte 
the  proposal  on  a theoretical  basis  to  see  whether  it  looked 
possible,  and  the  results  suggested  that  it  did.  He  agreed  with 
Mr.  Campbell  that  a twirling  action  would  probably  be  more 
effective;  in  fact,  it  formed  die  basis  of  certain  devices  in  use. 
He  was  glad  that  Mr.  Campbell  had  stated  categorically  that 
the  beat  way  to  prevent  smuts  from  landing  on  deck  was  to 
eliminate  them  at  the  source.  He  (Mr.  Ower)  had  been  of  this 
opinion  from  the  outset,  but  the  reception  he  had  had  when 
he  once  voiced  it  to  a marine  engineer  had  prevented  him 
from  ever  repeating  it  It  was  encouraging  to  find  support 
from  a marine  engineer  of  Mr.  Campbell’s  standing. 

The  suggestion  of  die  expansion  had  received  both  adverse 
and  favourable  comment.  The  only  convincing  way  of  settling 
a matter  of  this  kind  was  to  put  it  to  the  test  and  Mr.  Ower 
therefore  derived  some  satisfaction  from  the  fact  that  the 
favourable  views,  namely  thoae  of  Mr.  Cromarty,  Mr.  Harper 
and  Mr.  Wynn,  were  founded  on  practical  full -sole  evidence 
that  the  method  would  work,  whereas  the  criticism  of  Air. 
Burge  and  the  stronger  views  of  Mr.  McGregor  were  the  ex- 
pressions of  personal  opinions.  Mr.  Burge’s  criticism  was 
confined  to  the  belief  that  the  heights  of  the  expansion  required 
would  be  greater  than  those  given  in  Fig.  23.  This  might  be 
so  to  some  extent,  but  Mr.  Wynn’s  contribution  suggested  that 
the  heights  would  not  be  seriously  under-estimated  by  the 
calculations.  Although  Mr.  Wynn  had  not  quoted  any 
dimensions  for  the  installations  he  had  fitted,  it  appeared  un- 
Ukely  that  be  would  have  regarded  the  scheme  favourably  if 
these  were  impracticably  large.  A vertical  height  of  40ft  was 
mentioned  by  Air.  Cromarty,  but  be  had  allowed  a gas  speed 
of  lift  per  sec.  in  the  expanded  section  whereas  the  heights 
euggested  in  the  paper  were  based  on  a speed  of  10ft  per  sec. 
Without  further  knowledge  of  speeds  and  dimensions,  it  was 
not  possible  to  compare  Air.  Cromarty’s  figures  with  the  cal- 
culations. But  it  was  significant  that  Air.  Cromarty  was  re- 
ferring to  shipboard  installations,  so  again  there  could  be  no 
question  of  nor  stive  sizes 

Air.  AicGregor’s  statement  in  his  written  contribution  that 
there  was  "no  doubt  that  the  enlarged  section.  . . . .would  be 
of  little  use"  was  thus  directly  at  variance  with  the  experience 
of  Air.  Cromarty,  Air.  Harper  and  Air.  Wynn.  Air.  Ower 
was  content  to  rot  his  case  on  the  views  of  these  three  gentle- 
men, which  were  based  on  established  fact  and  not  merely  on 
prognostication.  He  would  add  only  that  he  disputed  same 
of  Mr.  AicGtegar's  arguments  and  qtwetioned  the  relevance  of 
the  experimental  results  with  the  orifices  adduced  by  Air. 
AicGtegor  to  support  them.  The  conditions  of  these  small- 
scale  sera  differed  in  at  least  one  fundamental  particular  from 
those  that  would  exist  in  the  expended  lection. 

Mr.  Osier  could  not  anewer  Air.  AicCUmonfs  question 
about  the  origin  of  wauls,  but  he  could  my  quite  ctbgxfcdy 
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from  bit  own  experience  that  they  were  not  ejected  only  during 
aoot  blowing. 

Mr.  Harper  had  asked  about  the  possible  effect  of  in- 
creasing the  gas  velocity  after  leaving  the  expanded  section. 
Mr.  Owcr  said  that  a relatively  high  velocity  at  the  final  exit 
from  the  funnel  was  a necessary  feature  of  many  funnel 
deaigns  and  added  that  the  calculated  height  of  the  expanded 
section  would  not  be  affected  in  any  way  by  a restriction  in 
ana  following  this  section. 

Finally,  Mr.  Ower  said  he  would  like  to  comment  briefly 
on  die  controversial  subject  of  scale  effect  and  in  particular 
on  the  questions  asked  by  Mr.  Stoot.  In  the  first  place,  there 
■till  seemed  to  be  some  doubt  whether  the  results  obtained  on 
a small  model  in  the  wind  tunnel  really  reproduced  what  hap- 
pened on  the  full-scale  ship.  To  this  he  would  say  that  the 
full-scale  checks  described  in  the  paper  should  dispel  such 
doubts  in  the  future.  Moreover,  and  to  this  Dr.  Third  with 
his  great  experience  of  model  tests  would  agree,  ad  hoc  smoke 
investigations  had  been  carried  out  in  wind  tunnels  for  many 
years  past  an  models  of  about  the  size  of  those  used  in  this 
paper  and  tested  at  similar  speeds.  All  the  evidence  was  that 
the  results  deduced  from  such  tests  are  borne  out  oo  the  full- 
scale.  Dr.  Third  confirmed  that  he  had  never  known  of  a case 
where  the  full-scale  behaviour  refuted  die  model  results.  The 


to  the  Descent  of  Funnel  Smoke 

authors  therefore  had  no  hesitation  in  affirming  their  convic- 
tion that  the  air  flow  patterns  tor  the  wind  tunnel  tests  and 
for  the  full-scale  ships  themselves  are  substantially  the  same 
for  broad,  overall  effects  of  the  kind  investigated  in  this 
research. 

Mr.  Stoot  had  also  asked  whether  tests  had  been  carried 
out  over  a range  of  speeds  in  the  wind  tunnel  to  see  whether 
the  results  at  all  speeds  were  the  tame.  As  a matter  of  fact 
they  had,  but  it  one  accepted  the  fact  that  the  full-scale  checks 
that  had  been  carried  out  had  been  done  at  a Reynolds  number 
tome  200  or  more  times  that  of  die  wind  tunnel  tests,  one 
had  to  accept  also  that  it  was  futile  to  carry  out  tests  over  a 
range  of  speeds  in  the  tunnel  in  which  the  range  of  Reynolds 
number  that  could  be  covered,  bearing  in  mind  the  various 
practical  limiting  factors,  was  probably  not  more  than  S.  Why 
bother  about  a factor  of  5 when  one  had  to  extrapolate  to  200 
or  more?  Mr.  Stoot  also  asked  about  the  speed  at  which  the 
full-scale  tests  were  carried  out.  On  Ship  A all  the  tests 
had  been  made  at  a ship  speed  of  about  20  knots  in  conditions 
ranging  from  calm  to  a head  wind  of  about  20  knots.  The 
speeds  for  ships  B and  C were  rather  less.  All  the  work  had 
been  carried  out  so  far  from  land  that  it  was  most  unlikely 
that  any  of  the  effects  mentioned  by  Mr.  Burge  in  this  context 
would  be  significant. 
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MILITARY  AIR  OPERATIONS 


Three  air  flow  situations  have  particularly  detrimen- 
tal effects  on  helicopter  and  V/STOL  operations.  These 
situations  are  turbulence , vortex  formation  and  the  stack 
gas  plume.  The  effects  of  these  factors  are  discussed 
below. 

1)  Turbulence  and  vortices  - Turbulent  air  flow  pre- 
sents a danger  to  pilots  when  the  helicopter  enters  a tur- 
bulent region  and  experiences  a sudden  loss  of  lift.  Most 
modern  helicopters  are  neutrally  or  negatively  stable,  and 
are  therefore  fitted  with  automatic  stabilization  equipment 
(ASE) . However,  even  ASE  does  not  fully  correct  the  prob- 
lem of  transient  forces  as  the  helicopter  approaches  a 
ship  landing.  Under  such  circumstances  yaw  maneuvers  may 
require  sudden  increases  in  power  that  exceed  the  capabili- 
ties of  the  tail  rotor.  This  situation  iB  so  critical  that 
the  amount  of  control  available  to  a pilot  is  often  consi- 
dered in  terms  of  helicopter  power  limitations.  The  criti- 
cal nature  of  the  power  available  for  yaw  maneuvers  is  the 
result  of  the  tail  rotor  operating  close  to  blade  stall  con- 
ditions. One  can  readily  see  that  no  matter  how  responsive 
a stabilization  system  may  be,  its  effectiveness  can  only 
be  measured  in  terms  of  the  ability  of  a helicopter  to  re- 
spond to  automatic  control. 

2)  Stack  Gas  Plume  - Often  the  stack  plume  close  to 
a combatant  ship  is  surrounded  by  turbulent  flow  and  the 
plume  itself  is  turbulent.  The  plume  is  especially  dangerous 
because  it  is  highly  heated  and  has  a compound  detrimental 
effect  on  helicopter  flight.  First  the  hot  exhaust  gases 
decrease  aerodynamic  lift  generated  by  the  blades,  thereby 
reducing  both  hover  capability  and  yaw  maneuverability. 
Secondly,  the  hot  gases  reduce  the  thermodynamic  efficiency 
of  the  helicopter's  motive  gas  turbine.  Although  the  plume 
does  not  always  present  these  dangers  it  can  not  be  complete- 
ly avoided  in  ship  operations.  The  senior  engineer  of  the 
halo  class  desk  at  SAVAIR  has  stated  that  a hot  air  plume 
with  an  average  teaperature  at  140*  can  be  "lived  with"  (18] . 
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Turbulence,  vortices  and  stack  gas  plumes  separately 
or  in  combination  present  serious  threats  to  helicopter 
operations  from  a ship  but  in  addition  many  other  factors 
which  can  be  controlled  only  partially,  if  at  all,  further 
compound  the  problem.  Perhaps  the  most  serious  situation 
the  pilot  faces  is  landing  his  helicopter  on  the  deck  of 
a ship  moving  in  a seaway.  Often  the  landing  area  is  not 
large,  cross  winds  are  high  and  ship  motions  (primarily 
roll,  pitch  and  heave)  are  significant.  For  these  reasons 
a pilot  will  establish  a hover  immediately  over  the  landing 
area  so  that  he  may  assess  relative  motion  between  himself 
and  the  ship  prior  to  touch  down.  This  time  interval,  be- 
tween the  beginning  of  the  hover  and  when  the  helicopter  is 
down  with  the  blades  no  longer  producing  significant  lift, 
is  perhaps  the  most  critical  phase  of  landing.  Conversely, 
the  most  critical  phase  of  take-off  occurs  as  the  helicopter 
lifts  off  the  deck  and  rises  to  a height  sufficient  to  clear 
the  ship.  While  landing  it  is  possible  for  the  ASE  to  at- 
tempt to  counter  ships  roll  once  the  helicopter  has  made 
contact.  This  action  can  flip  a helicopter  over.  It  is 
therefore  important  for  a pilot  to  deactivate  the  ASE  the 
instant  he  makes  contact  and  at  the  same  time  to  manually 
reduce  the  blade  pitch  to  a minimum. 

Air  operations  will  continually  evolve  as  helicopters, 
ships  and  procedures  are  improved.  Therefore  the  require- 
ments for  air  operations  can  not  be  listed  in  this  manual 
without  warning  the  designer  that  these  requirements  will 
change.  The  only  prudent  instruction  that  can  be  made  is 
by  way  of  examples  that  demonstrate  only  the  general  nature 
of  the  design  problems  involved.  When  presented  with  a new 
ship  class,  it  is  the  designer's  responsibility  to  determine 
what  effects  air  operations  will  have  on  the  design  and  to 
combine  these  limitations  with  all  of  the  design  criteria. 

SCS  - The  Sea  Control  Ship  was  to  be  designed  with 
two  locations  for  helicopter  operations  and  one  location  for 
V/STOL.  Model  testing  demonstrated  the  landing  areas  to  be 
free  from  turbulence  or  vortex  centers  as  long  as  the  rela- 
tive wind  was  from  010*  clockwise  to  350*  (360*  » 000*  - head 
winds).  However,  since  the  plume  flows  with  the  relative. wind, 
operations  should  be  limited  to  relative  wind  yaw  angles 
from  010*  clockwise  to  170*.  Relative  wind  from  010*  clock- 
wise to  090*  would  be  dangerous  aft  of  the  island  while  winds 
from  090*  to  170*  would  be  dangerous  forward  of  the  island. 

In  this  manner  the  safe  yaw  angles  for  various  operations  were 
determined.  A study  was  also  made  to  reduce  turbulent  wake 
from  ship  structure  adjacent  to  areas  where  air  operations 
were  conducted  [17]. 
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API 7 7 - The  "A0177  Air  Flow  Report"  [18]  contains  de- 
sign information  about  VERTREP  operations.  The  AO  has  a 
"T-line"  marked  on  the  deck  behind  which  the  helicopter 
will  remain  during  VERTREP. 

During  normal  hovering  for  sling  attachment  to  the 
helicopter  hook,  the  rotor  blades  will  be  approximately 
20  feet  above  the  deck  (This  height  includes  5 to  8 feet 
from  deck  to  the  hook  plus  an  additional  12  feet  to  the 
rotor  blades.)  subsequent  to  an  approach  and  steady  hover. 

The  blades  will  be  30  to  40  feet  above  the  deck  at  load 
lift  off  which  places  the  intakes  34  feet  above  the  deck. 

The  height  of  the  blades  will  increase  while  under  full 
power  to  50  feet  when  the  load  will  clear  the  ship's  side. 
Normally  the  approach  for  VERTREP  is  downwind  when  flying 
empty  and  into  the  wind  for  loaded  conditions  to  provide 
maximum  lift.  However,  the  approach  can  be  made  at  any 
angle  aft  of  the  T-line.  To  allow  consideration  of  vari- 
ous approach  angles,  the  exhaust  plume  gas  trajectory  and 
temperatures  were  evaluated  at  several  relative  wind  angles 
making  the  following  assumptions. 

1.  The  ship  speed  is  20  knots.  The  wind  velocity  will 
be  60  knots  relative  to  the  deck  at  0°  relative  wind  angle. 
This  angle  was  chosen  because  it  given  the  shortest  distance 
of  plume  travel  to  the  hovering  area  and  therefore , the 
highest  plume  temperature. 

2.  The  steam  power  plant  will  be  operating  at  cruise 
power  level. 

3.  Ambient  temperature  was  assumed  to  be  100 *F. 

It  was  found  that  the  center  of  the  plume  was  about  90 
feet  above  the  hover  point  and  that  the  temperature  at  the 
maximum  hover  height  would  be  approximately  ambient.  There- 
fore the  AO  should  present  no  problems  for  VERTREP  operations. 
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I. 


INTRODUCTION 


Work  covered  by  this  report  was  performed  for  NAVSEC 
Code  6179A.04  under  Modification  P00009  of  Contract  N00024- 


70-C-1127  (Consolidation  and  Integration  of  Antennas  into 
the  Sea  Control  Ship  Hull  Structure) . 

It  is  the  purpose  of  the  investigation  covered  by 
this  report  to  determine  the  effects  of  elevated  ambient 
temperatures  on  mast  mounted  equipments  and  to  define  if 
possible  the  maximum  allowed  temperature  limits  for  the 
following  specific  items: 

o 

Coaxial  Cable 

RG-214,  218,  333,  1-5/8"  foam 
dielectric 

o 

Waveguide 

o 

RADAR 

AN/SPS-40 , 52 , 55 

o 

TACSATCOM 

o 

AN/SRA-17 

o 

AN/SRA-43 

o 

URD-4 

o 

URN-3 

o 

AS-571,  616,  899,  1174,  1175 

o 

Wire  Rope  (for  antennas) 

o 

Antenna  Insulators 

Stack  gas  axit  temperatures  on  the  gas  turbine- 
powered  Sea  Control  Ship  were  expected  to  be  much  higher 
than  those  experienced  on  the  majority  of  U.S.  Naval 
ships.  It  is  evident  that,  with  the  single-island  con- 
figuration considered  for  the  Sea  Control  Ship,  mast 
and  yard -mounted  equipments  may  be  subjected  to  in- 
creased environmental  stress. 
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A determination  of  the  expected  ambient  temperatures 
due  to  stack  emissions  is  the  subject  of  a separate  inves- 
tigation by  others. 

2.  APPROACH 

2 . 1 Lower  Bound 

The  items  to  be  considered  are,  in  general,  designed 
and  fabricated  by  the  lowest  bidder  to  meet  requirements  of 
MIL-E-16400 , Electronic,  Interior  Communication  and  Naviga- 
tion Equipment,  Naval  Ship  and  Shore: 


° Non-operating,  -62  to  +75  *C 
o Operating,  -28  to  +65#C 


Thus,  an  ambient  temperature  of  +65°C  may  be  taken  as 
a lower  bound.  Whether  or  not  an  item  of  equipment  will  with- 
stand higher  ambient  temperatures  depends  upon  a number  of  fac- 
tors, including  the  design  margin  applied  to  the  weakest  link 
within  the  item. 

2.2  Upper  Bound 

The  upper  bound  for  passive  devices  (those  that 
dissipate  bo  power)  is  obviously  determined  by  the 
smi vl mum  service  temperature  of  some  critical  material  or 
component  within  the  device. 

For  active  devices  (those  that  dissipate  power,)  the 
upper  bound  must  be  reduced  to  allow  the  required  power 
dissipation  to  take  place  without  exceeding  the  maximum 
service  temperature  of  the  weakest  link. 

As  a practical  matter,  since  both  corrosion  and  failure 
rate  due  to  thermal  stress  factors  tend  to  increase 
exponentially  with  temperature,  it  will  be  necessary  to 
operate  at  ambient  temperatures  considerably  below  the 
upper  bound. 
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the  failure  rates  are  asymptotic.  They  illustrate  that 
reduction  in  temperature  at  any  range  down  to  about 
20  °C  is  reflected  by  significantly  lower  failure  rates. " 

The  following  detailed  analyses  of  specific  items 
shows  the  procedure  and  rationale  for  determining  recom- 
mended  maximum  allowed  ambient  temperatures  given  in  Table 
2.  In  some  cases,  the  procedure  can  be  firmly  supported 
by  published  data.  Most,  however,  require  application  cf 
judgement  to  incomplete  data  or  extrapolation  from  similar 
items . 

5.1  Maximum  Recommended  Long-Term  Ambient  Temperature 

Values  recommended  for  specific  items  in  Table  2 
are  the  lower  of: 

(a)  The  temperature  required  to  double  the  pre- 
dicted failure  rate  over  the  value  expected  at  65°C 

for  the  equipment  if  calculated  or  limiting  component  of 
that  or  a similar  equipment  or, 

(b)  The  temperature  required  to  quadruple  the  corrosion 
rate  over  that  expected  at  65"C. 

5.2  Maximum  Recommended  Short-Term  Ambient  Temperature 

Values  recommended  for  specific  items  in  Table  2 
are  the  lower  of: 

(a)  The  maximum  published  service  temperature  of  a 
limiting  component  of  that  or  a similar  equipment  or, 

(b)  The  temperature  required  to  cause  a 16-fold 
increase  in  corrosion  rate  over  that  expected  at  65*C. 

5.3  Corrosion  Effects 

A generality  concerning  rates  of  corrosion  as  a 
function  of  temperature  was  found  quoted  in  several 
references  (Corrosion  Handbook,  Wiley  & MIL-STD-198Bp. 

Ill)  as  the  "rule  of  10": 

"Corrosion  effects  tend  to  double  with  each  10*C 
rise  in  temperature."  It  is  evident  that  such  a complex 
subject  cannot  be  neatly  summarised  in  a single  sentence. 

It  is  judged,  however,  that  application  6f  the  "rule"  to 
this  particular  investigation  will  result  in  somewhat 
more  conservative  recommendations  than  would  result  from 
a rigorous  analysis  of  the  many  materials  and  contaminates 
involved. 


Accordingly,  unless  otherwise  limited  to  lower  values 
recona«nded  long-term  ambient  temperature 
will  be  that  required  to  increase  the  corrosion  rate  by 
a factor  of  4 over  that  expected  at  65°C  (l05°C). 

5.4  Individual  Components 

The  temperature  characteristics  of  selected  compo- 
nents and  materials  are  summarized  in  Table  1. 

5.4.1  Resistors  and  Capacitors 

Data  taken  directly  from  MIL-HDBK-217A.  The  figure 
~°f  * rating  refers  to  resistor  power  rating  or  capacitor 
voltage  rating.  Maximum  service  temperature  is  taken  as 
the  maximum  temperature  for  which  data  was  given. 

5.4.2  Semiconductors 

imnv  t0i  BlicrP%f*ve  diodes  taken  directly  from  MIL- 

HDBK-217A.  For  other  semiconductors,  data  in  MIL-HDBK- 
217a  was  found  to  be  plotted  as  a function  of  "normalized 
junction  temperature"  given  by: 


ta  ♦ kpq  - tt 
tj (max) ”*8 


(1) 


( 


%fhere:  ta  * ambient  temperature 

tB  * temperature  at  which  power  rating  is  de- 
fined, usually  250"C. 

p - power  rating  of  the  device  at  t# 

q • thermal  resistance  of  the  device 

" ratio  of  actual  to  rated  power 

t j (max)  “ max*Jnum  junction  temperature,  assumed 
to  be  200*C  for  silicon  and  85"C  for 
germanium 

Inserting  these  values,  equation  (1)  becomes: 
t,  + kpq  - 25 


175 


for  silicon 


(2) 


ted  «ince  normalised  junction  temperature,  t»  - 1 when  k 
is  unity  and  ta  - t,,  the  quantity  pq  - 175  and: 
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for  silicon 


(3) 


t « t + 175k  - 25 
n a 


175 

From  equation  (3) , a plot  of  tn  against  ambient 
temperature,  t , was  generated  for  several  values  of  k. 

From  this  information  and  the  data  in  MIL-HDBK- 2 1 7 A , 
curves  of  expected  failure  rate  as  a function  of  ambient 
temperature  could  be  generated  for  desired  percentages  of 
rated  power.  Results  are  summarized  in  Table  1. 

5.4.3  Synchro 

Values  were  computed  per  section  7. 8. 3. 2 of  MIL- 
HDBK  *-217A  and  are  summarized  in  Table  1. 

5.4.4  Coaxial  Cable  (covered  in  paragraph  5.5) 

5.4.5  Materials 

Maximum  service  temperatures  for  several  materials 
were  obtained  from  the  "Materials  Selector  Issue"  of 
"Materials  Engineering,”  Vol.  70,  No.  5,  Mid-October  1969, 
A Reinhold  Publication. 

5.5  Coaxial  Cable 

From  manufacturer's  data  used  to  generate  information 
used  in  NAVSHIPS  0967-177-3020  (Shipboard  Antenna  Systems, 
Installation  Methods)  it  is  determined  that: 

t - ta  + kpq 

where:  t ■ maximum  tempera ture  within  the  cable 

t^  ■ ambient  air  temperature 

p * power  rating  of  the  cable  (usually  at  40*c) 

q - thermal  resistance  of  the  cable 

k - derating  factor  ■ actual  power/rated  power 

From  the  same  sources,  it  is  determined  that  maximum 
allowed  temperatures  within  the  cables  are: 


C-5 


tmax  “ 80°C  for  solid  or  foain  polyethylene  dielec- 
trics 

t^y  = 232°C  for  solid  teflon  dielectrics 

t^^  = 100°C  for  air  spaced  teflon  (Heliax,  etc.) 

Rearranging  equation  (4)  and  setting  t = t^^ : 

P9  * (tmax  “ V/*  (5) 

The  quantity,  pq,  may  be  evaluated  for  each  cable  type 
by  setting  k equal  to  unity  and  inserting  appropriate  values 
for  tmax  and  ta  into  equation  (5).  For  polyethylene  dielec- 
trics: 


^max  “ 80 °C 

ta  = 40°C , ambient  temperature  associated  with 
power  rating  and:  pq  = 40 

Then,  solving  equation  (4)  for  ta, 

tfl  * 80  - 40k,  maximum  allowed  ambient  temperature 
for  polyethylene  dielectrics 

(6) 


ta  * 232  - 192k,  maximum  allowed  ambient  tempera 
ture  for  solid  teflon  dielectrics 


(7) 


ta  * 100  - 60k,  maximum  allowed  ambient  tempera- 
ture for  teflon  air-spaced  dielectrics 


(8) 


Equation  (6)  applies  to  the  specific  cable  types  to 
be  investigated:  R6-214,  218,  333  and  1-5/8-inch  foam 
dielectric  cable. 
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Actual  power  Maximum  allowed 

40°C  power  rating  ambient  temperature 

*C 


1 

40 

0.5 

60 

0.2 

72 

0.1 

76 

0 

80 

These  values  and  the  values  for  other  cable  types  are 
summarized  in  Table  1. 

5 . 6 Waveguides 

No  information  was  found  concerning  performance  of 
waveguide  assemblies  at  elevated  temperatures  and  applicable 
military  specifications  require  no  temperature  tests  for 
rigid  assemblies.  MIL-W-287C  (Waveguide  Assemblies, 
Flexible,  Twistable  and  Non-Twistable)  requires  a 7-day 
aging  test  at  100°C.  Most  flexible  waveguides  appear  to 
be  covered  with  neoprene  rubber  (maximum  service  tempera- 
ture -85°C) . 

For  rigid  waveguide  assemblies,  it  is  difficult  to 
imagine  any  significant  effects  other  than  thermal  expansion 
and  corrosion  that  would  be  applicable  to  this  investiga- 
tion. 

Accordingly  the  maximum  recommended  long-term  ambient 
temperature  would  be  that  resulting  in  a 4-fold  increase 
in  corrosion  rate  over  that  expected  at  65 *C.  The  maximum 
recommended  short-term  ambient  temperature  would  be  that 
showing  a 16-fold  increase.  However,  the  limiting  factor 
would  seem  to  be  the  neoprene  O-rings  used  to  gasket  each 
flange  joint.  Accordingly,  values  of  85  and  100*C  are 
recommended  in  Table  2. 

For  flexible  waveguides  the  corresponding  recommend- 
ed values  are  85*C  and  100*C  reflecting  the  maximum  publish- 
ed service  temperature  and  heat  aging  test  for  the 
neoprene  cover. 

5.7  RADAR,  TACSATCOM,  AS-571,  616,  899,  1174,  1175,  URD-4 

URN-3 

After  examining  the  items  in  Table  1 it  would  appear 
that  synchros  are  the  limiting  component,  for  rotating 
devices  in  general.  Long  and  short-term  values  of  80  and 
85*C  are  therefore  recommended.  Particular  care  should  be 
taken  to  Insure  that  lubricants  are  compatible  with  these 
temperatures. 
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5.8  AN/SRA-17 


A parts  list  for  the  Radio  Frequency  Tuner  was 
assembled  from  the  Antenna  Group  Technical  Manual 
(Navships  93205)  and  a reliability  prediction  made  for 
several  ambient  temperatures  per  MIL-HDBK-217A , Section  5. 
Maximum  service  temperatures  for  each  component  were 
also  noted.  Maximum  service  temperature  was  limited  to 
120°C  by  R202  (operating  at  20%  of  rated  power)  and  to 
125°C  by  a number  of  resistors,  capacitors,  and  relays. 

Failure  rates  were  computed  for  each  electronic 
component  at  20,  40,  65,  80,  100,  and  140°C.  Values  for 
the  unit  were : 


Ambient 

Failure 

rate 

•C 

,_6 

per  10 

hrs 

20 

2.5 

40 

3.0 

65 

3.8 

80 

4.9 

100 

11.2 

Failure  rates  are  summarized  in  Table  1.  Recommended 
maximum  ambient  temperatures  given  in  Table  2 were  deter- 
mined by  taking  the  mlnimums  from  the  following  tabulation i 


Source  of  Data 

Long-term 

Short-term 

•c 

•C 

Semper a ture  to  double  unit  65*C  95 

failure  rate 


Limiting  component  service  temp- 
erature 120 


Corrosion 

85 

105 

Neoprene  gaskets 

85 

100 

Recommended  maximums 

85 

100 

5.9  AN/SRA-43 

The  TN-438/SRA-43  RF  Tuner  was  analysed  in  the  same 
manner  as  used  in  5.8.  Maximum  service  temperature  was 
limited  to  85*C  by  the  synchro  contained  within  the  unit. 
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as  well  as  several  mica  capacitors.  It  is  interesting  to 
note  that  the  plexiglass  dessicant  window  alone  would  limit 
maximum  temperatures  to  95#C.  Failure  rates  were  computed 
for  each  electronic  component  at  20,  65,  80,  and  140*C. 


Ambient 

•C 


Failure  Rate 
per  10 6 hrs 


20 

1.5 

65 

2.9 

80 

7.8 

Pailure  rates  are  summarized  in  Table  1.  Recommended 
maximum  ambient  temperatures  given  in  Table  2 were  deter- 
mined by  taking  minimums  from  the  following  tabulations: 


Source  of  Data 

Long-Term 

Short-Term 

•c 

°C 

Temperature  to  double  65°C  78 

failure  rate 


Limiting  component  service 

temperature 

85 

Corrosion 

85 

105 

Neoprene  gaskets  a O-rings 

85 

100 

Recommended  maxi mums 

78 

85 

5.10  Wire  Rope  for  Antennas 

Vinyl  covered  wire  rope  per  FED- SPEC -LP -390  has  a poly- 
ethylene jacket  which  has  a maximum  service  temperature  of 
80*C.  Wire  rope  for  antennas  in  general  has  a polypro- 
pylene core  (MIL-24261)  exhibiting  a maximum  service 
temperature  of  120 *C.  Recommended  maximum  ambient  tempera- 
tures given  in  Table  2 were  determinedly  taking  minimum 
from  the  following  tabulations: 
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Source 


Long-Term 


Short-Term 


VINYL  COVERED 


Jacket 

80 

Core 

120 

Corrosion 

85 

105 

Recommended  maximums 

80 

80 

UNJACKETED 

Core 

120 

Corrosion 

85 

105 

Recommended  Maximums 

85 

105 

5.11  Antenna  Insulators 

The  maximum  allowed  temperature  for  fiberglass  insulators 
is  determined  by  the  quality  of  the  resin  used  to  fabricate 
them.  However,  performance  will  in  general  be  limited  by 
associated  neoprene  gaskets  and  recommended  maximum  tempera- 
tures listed  in  Table  2 are  accordingly  85  and  100°C. 

Ceramic  bowl  insulators  will  also  be  temperature  limited 
by  gaskets  and  the  same  values  given  for  fiberglass  insula- 
tors are  recommended.  It  is  judged  that  strain  insulators 
with  metallic  inserts  will  be  limited  by  corrosion,  and 
recommended  values  of  85  and  105°C  are  given  in  Table  2. 
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TABLE  1 

COMPONENT  TEMPERATURE  CHARACTERISTICS 

to  double  to  double 

20°C  failure  65°C  failure 

ITEM  rate rate 


maximum 

service 

temperature 


RESISTOR 

Composition,  50%  rating 
10%  rating 

Power,  fixed  film,  50%  rating 

10%  rating 

CAPACITOR 

Mica,  Char  P,  50%  rating 
10%  rating 

Ceramic,  Char  C,  50%  rating 

10%  rating 

SEMICONDUCTORS 

Diodes,  Germanium 
Diodes,  Silicon  power,  50% 

rating 
10%  rating 

Diodes  fc  NPN  transistor, 

(silicon)  50%  rating 

10%  rating 

Diodes,  microwave,  50%  rating 
(detector  & mixer)  20%  rating 

SYNCHRO,  31TX6b 

AN/SRA-17  ANTENNA  TUNER 

AN/SRA-43  ANTENNA  TUNER 

COAXIAL  CABLE 

Polyethylene,  100  I rating 

solid  or  foam  50%  rating 

20%  rating 
10%  rating 
0%  rating 

Teflon,  solid  diel.,  100%  rating 

50%  rating 

Teflon,  air-spaced  diel. 

100%  rating 
50%  rating 
20%  rating 
0%  rating 


55 

75 

100 

80 

80 

125 

125 

0 

125 

200 

80 

125 

150 

80 

125 

150 

45 

85 

150 

90 

95 

150 

- 

85 

55 

- 

115 

55 

95 

180 

65 

_ 

115 

40 

115 

180 

— 

115 

150 

- 

150 

55 

80 

85 

80 

95 

120 

65 

78 

85 

40 

60 

72 

76 

80 

40 

136 

40 

70 

88 

100 


TABLE  2 


Maximum  Recommended  Ambient  Temperature,  (°C) 


ITEM 

Long-term 

Short-term 
(Less  than 
10  min/hr) 

Coaxial  Cable,  RG-214,  218,  333, 

and  1-5/8"  foam  filled 

100%  power  rating 

40 

40 

50%  power  rating 

60 

60 

20%  power  rating 

72 

72 

10%  power  rating 

76 

76 

0%  power  rating 

80 

80 

Waveguides,  rigid  & flexible 

85 

100 

RADAR,  TACSATCOM,  AS-571,  616, 

899,  1174,  1175,  URD-4 , URN-3 

80 

85 

AM/SRA-17 

85 

100 

AN/SRA-43 

78 

85 

Wire  rope,  vinyl  covered 

80 

80 

un jacketed 

85 

105 

Antenna  Insulators,  fiberglass 

85 

100 

Ceramic  bowl 

85 

100 

Ceramic  strain 

85 

105 

Important  Motet  Hone  of  the  above  items  is  required  by  specification  to 

exceed  the  requirements  of  MIL-E-16400  (65*C  operating, 
75*C  non-operating) . Increased  ambient  temperatures  will 
severely  reduce  service  life  and  will  demand  increased 
maintenance . 
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